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SECTION I

DESIGN CONSIDERATIONS

1.0 FUNCTIONAL DESCRIPTION OF TRANSPONDER

The MAT transponder utilizes a crystal-controlled double-conversion phase
locked (correlation) receiver with a subcarrier phase-following loop around the
complete transponder, for the purpose of phase stability and the realization of the
required transponder sensitivity. Thus high sensitivity is realized in the presence
of high modulation index subcarriers. Coherent AGC is employed in the receiver.
The transmitter is crystal-controlled and phase-modulated, and employs transistors
as active stages throughout, as does the transponder receiver. The data amplifier,
which improved the transponder signal-to-noise performance by crystal filters, is a
fully micro-electronic design, as is much of the transponder receiver circuitry.
Cavity filters are employed to realize a high-quality, low-leakage diplexer. The
power supply includes integral voltage regulators and dc~to-dc converters of the

pulse width modulation type.

The transponder consists of six basic modules: (See Figures 1 and 2)
1. RF Diplexer (Dwg. D/5506571-B)

2. IF Amplifier (Dwg. H/5506666-C)

3. IF Demodulator and Data Amplifier (Dwg. J/5506669-B)

4. Standby LO Oscillator and Phase Modulator (Dwg. F/5506569-B)
5. Transmitter (Dwg. F/5506672-C)

6. Power Supply (Dwg. D/5008482+)

A brief description of the circuit complement of each of these modules is given
below, along with the functional description of each. Refer to Figure 1 for functional

block diagram.
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The RI' Diplexer module contains the Diplexing T, the preselector portion
of the diplexer, a two-stage RF amplifier, another 2-pole preselector, a balanced
mixer, a 2-pole L. O. filter, a standby duty cycle circuit, and a power supply

delay circuit.

A low level 420.9375 MHz signal (-45 to -115 dbm) is received by the
transponder and fed into the Diplexing T and through an 8-pole 20 MHz band-
width preselector to the RF amplifier. Simultaneously, a 449 MHz high level
signal ¢37 dbm) is being transmitted through the T to the receiver shared
antenna. The 8-pole preselector guarantees that the level of the 449 MHz

signal to the RF amplifier is less than -23 dbm, thereby negating problems

which otherwise would have been encountered if the area of operation for the

RF amplifier was nonlinear. The RF amplifier is a low noise wideband circuit
which provides +17 db of gain to the 421 MHz signal and only +2 db to the unde-
sirable 449 MHz signal. To further reduce undersirable effects from the

449 MHz signal, an additional 2-pole bandpass filter (30 MHz bandwidth) is ‘
used to pass 421 MHz and reject 449 MHz by 27 db. The output of this 2-pole ﬂ
filter is fed to the RF input side of a balanced hot-carrier diode mixer. The ]
L.O. input to the mixer is obtained from the transmitter module. Since this
mixer is used as the Phase Following Subtractor to close the transponder phase
following loop, the L.O. input is wideband and contains the spread spectrum
signal. A 2-pole bandpass filter (30 MHz BW) is used to pass the wideband
signal about 499 MHz while rejecting out-of-band frequency components suf-
ficiently to provide a clean L.O. injection to the mixer. The mixer output is
the product of the 449 MHz sirmal and the 421 MHz signal giving the sum and
difference frequencies along with higher order products, each with their own

modulation spectrums. The desired signal is the difference frequency

(28.06 MHz) und the associated modulation spectrum. Note that the output
modulation spectrum ahout 28.06 MHz is smaller than those at 421 MHz or

449 MHz due to phase subtraction of the spectral components by the mixer.




-

The duty cycle circuit is used to adjust the transponder standby power duty
cycle in order to conserve total consumed energy. The power supply delay
circuit is used to delay the PFF B loop operation until all voltages are steady

state.

The IF amplifier module consists of four synchronously tuned 28, 06 MHz
IF amplifier stages, a second mixer, an amplitude limiter stage at 11.225 MHz,
a single stage coherent AGC'd IF amplifier at 11.225 MHz, a noncoherent AGC
loop, an AGC telemetry amplifier, and a voltage controlled oscillator (VCO).

The minimum 28,06 MHz IF input signal level is -110 dbm while the input
noise level is -95 dbm. The quiescent gain of the IF is 69 db providing an
input signal level to the second mixer of -42 dbm plus noise at -28 dbm in a
5 MHz bandwidth. Each stage of the IF amplifier has a nominal gain of approx-
imately 16 db and a bandwidth of 14 MHz. It is reverse AGC'd by the noncoherent
AGC loop to provide +20 to -50 db of automatic gain control in the "receive' and
"transmit" mode. Standby mode operation provides a fixed level gain with

symmetric limiting in each amplifier stage.

The second mixer is an active double-balanced type which provides a
+5 db power gain at 11.225 MHz and -20 db attenuation of the 39 MHz L.O.
(-5 dbm input level), »nd 28.06 MHz IF. The 39,28 MHz VCO feeds this mixer,
Its frequency control is derived from the carrier phase lock loop in the demodu-

lator module.

The output of the second mixer is fed to the 11,225 MHz limiter stage and
the noncoherent AGC input amplifier. The symmetric limiter prevents the
stage output from providing greater than -3 dbm output independent of the stage

signal or normal noise input level.

1
"Standby' Mode — Ready to receive a coherent carrier
""Receive" Mode — Coherent carrier received and ready for commands

"Transmit'' Mode — All circuitry operating
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The limiter output is fed to a linear 11,225 MHz amplifier which provides
15 db of coherent AGC control. The AGC is of the forward type to ensure
lincar operation over the entire dynamic range of operation. The 11,225 MHz
coherent signal output is a constant -6 dbm, independent of normal signal or

noise input levels,

The noncoherent AGC circuitry consists of 2 stages of 11.225 MHz IF,
providing 32 db of power gain and a bandwidth of 2.0 MHz. Its output is fed to
a detector amplitier which provides a DC output voltage proportional to the
input signal level into the receiver. The output voltage is used to control a
current amplifier which provides reverse AGC control for the 28. 06 MHz IF

stages.

The IF Demodulator and Data Amplifier module contains (1) part of the
phase lock loop consisting of a phase detector, reference oscillator, phase lock,
a video amplifier, and associated buffer stages ; (2) part of a correlation detector
loop consisting of a phase detector, a 90° phase shifter, lowpass filter, coherent
AGC amplifier, acquisition amplifier, and associated buffer stages; (3) the data
amplifiers consisting of ranging and timing crystal filter networks, summation
amplifiers, command and select call filters and amplifiers, a select call AM

detector, and; (4) a temperature sensor and telemetry amplifiers.

The 11.225 MHz signal from the IF module is power split between the
correlation and phase lock loops. The phase and correlation detector reference
signals are obtained from the 11.225 MHz reference oscillator with the latter a
phase quadrature resultant from the 90° phase shifter. Under locked conditions,
the output of the phase detector contains the demodulated subcarriers and a DC
voltage corresponding to the frequency difference between the 11.225 MHz ref-

erence and the 11,225 MHz signal before lockup. The DC voltage is fed to the




phase lock filter, which determines primarily the PLL2 acquisition and signal-
to-noise ratio performance, and a video amplifier which determines primarily

the steady state phase error. The video amplifier output feeds the VCO located

in the IF chassis, completing the PLL. The demodulated ranging subcarriers

are fed to filter networks (3 db BW = 100 cps) for S/N ratio improvement. The
output of each network is summed together, amplified and fed to the Standby LO
Oscillator and Phase Modulator module. The command and select cal' subcarriers
are fed to their respective crystal filters, again for the purpose of S/N improve-
ment. The command outputs are amplified and fed to the transponder telemetry
output connector. The select call output is amplified and detected by an AM diode

detector and fed to the power supply module.

The correlation detector output is a DC voltage proportional to the received
input signal. Its output is filtered, amplified and fed to the IF module for coherent
AGC and to the power supply module to command the transponder from the "standby"

to the "receive' mode.

The Standby LO Oscillator and Phase module provides a phase modulated
transmitter driving signal and the receiver standby first local oscillator signal. The
modulation is the series of ranging tones from the data amplifier. The RF signal is

developed from a temperature compensated crystal oscillator.

The temperature compensated cyrstal oscillator supplies a one milliwatt
signal at 18.7 MHz for both the transmitter multiplier chain and the receiver
first local oscillator multiplier chain. The power split off to the transmit leg
is phase modulated by the data summation amplifier output. This modulation
signal is composed of up to six tones in the frequency range 400 to 600 KHz at
levels of about 0.3 volts rms each. Peak modulation levels will deviate the
carrier approximately 0.625 radians. The phase modulator output is amplitude

limited in the following integrated circuit stage by cutoff and saturation limiting.

2PLL: Phase Lock Loop




Limiting is used to remove incidental AM from the phase modulated sigmal.

The speetrum is trequeney multiplied by four to approximately 75 MHz and is

then amplitied to 50 millivatts, A -pole ilter jollows the amplifier to suppress
unwanted harmonies ol the 18,7 MHz oscillator frequency by at least 60 db.  The
Hlter has a3 db bandwidth of 8 MHz, A frequency tripler follows the filter to
raise the specetrum to 2245 MHz, The lollowing amplificr provides sufficient
power gain to supply 50 milliwatts of output power. This 224.5 MHz output is
filtered by a 2-pole cavity (Butterworth response, 15 MC BW) to reduce the 18 MHz
and 75 MHz sidebands. A pad is used to adjust the drive for the transmitter

module,

The other oscillator output at 18,7 MHz is multiplied by four to 75 MHz.
It is then filtered in a 2-pole, 6 MHz wide filter to suppress unwanted oscillator
frequency harmonics. The tollowing amplifier raises the level of the 75 MHz to
about 15 milliwatts to drive the step recovery diode multiplier to supply a
1 milliwatt output at 449 MHz. 7The diode output is filtered by a 2-pole 8 MHz wide
tilter to suppress unwanted 75 MHz harmonics. The filtered 1 milliwatt output at

+19 MHz is used as the receiver standby first local oscillator.

The Transmitter module contains a 224 MHz medium power amplifier, X2
multiplicer, a 224 MHz high power amplifier, 449 MHz high power amplifier, power

monitor, hybrid isolator, a 449 MHz post filter, and a 224.5 MHz post filter.

The transmitter module receives an input signal at 224.5 MHz at a power
level of approximately 20 milliwatts. This signal is amplified to 1 watt, fed to
the 224.5 MHz final amplifier, whose output of 5 watts is fed to a 2-pole bandpass
post filter providing approximately 4.5 watts output into a 50 ohm load. The 3 db
bandwidth ol the 224.5 MHz output is 12 MHz. The 224.5 MHz 1 watt signal is
derived from a [requencey doubler whose 449 MHz output is 1.5 watts. This output
feeds the 149 MHz final stage which provides 5.5 watts to the 8-pole post filter.

The post filter 1.0 db insertion loss reduces the transponder output power to




4.5 watts into a 50 ohm load. The power monitor is an AM detector using an RI
diode into a buffer amplifier whose output is fed to the telemetry connector. The
hybrid is used to isolate the Standby L.O. circuitry from the Operate L. O.

circuitry.

The Power Supply module provides transponder power for ''standby',
"receive" and "transmit'' modes. Incorporated in the module are time delay
and logic circuits which control standby and transmit power. The outputs are
regulated against input and load changes. They arc isolated from input power
leads and the module chassis. Momentary short circuit and reverse polarity

input protection is provided.

One of the prime considerations for the technical approach to the MATS
Power Supply was the conservation of battery power. In order to achieve this,
the unit was designed with high efficiency as one of the important aspects. For
this reason, pulse width modulators are used to convert the available fluctuating
input voltage into a highly regulated DC voltage which powers a DC to DC con-
verter. The PWM utilizes the transistor in the switching mode only. During
the on-cycle of the switch, energy flows through an inductor into the output
capacitor. Simultaneously, energy is stored in the inductor. During the off-
cycle, the inductor discharges its stored energy into the output capacitor. By
varying the duty cycle, regulation is achieved at a high efficiency level. The
DC to DC converter (often called a square-wave inverter) provides three distinct
advantages:

o The converter allows step-up or step-down to any desired output

voltage.

o The output wave shape is a square-wave which after rectification

requires very little filtering.

e The transistors operate in a switching mode only and therefore

cause the lowest losses, resulting in a high efficient conversion.



Sensing of the output voltage and error signal amplification is accomplished
by transistor differential amplifiers which are known for their good temperature
stability. The differential amplifier controls a magnetic amplifier which is
powered from the converter transformer. The output of the magnetic amplifier
controls the duty cycle of the pulse width modulator. Sensing could have been
accomplished by the magnetic amplifier only; however, then, the problem of

temperature stability would have become critical.

Only those outputs that are the most critical as far as regulation are con-
cerned are being sensed. The other outputs are taken, after rectification,
directly from the converter transformer. As the input to the DC to DC converter
is regulated, the output of the DC to DC converter is also regulated and is subject

to transformer regulation and coupling only.

1-3
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2.0 DESIGN CONSIDERATIONS

2.1 General Description

The MAT transponder was designed to be a compact, lightweight, efficient
transponder for use in Satellite configurations. The transponder consists of a
receiver and transmitter for accepting ranging, timing and command information
from a station located on a ground complex and retransmitting the ranging and
timing information on two offset carriers back to the ground complex. In addition,
certain telemetry circuits are provided within the transponder in order that con-

ditions concerning the transponder may be telemetered back to the ground station

by telemetry systems external to the transponder.

The transponder's overall dimensions are 8-1/2" x 4-1/4" x 6-1/2" or
235 cubic inches (Refer to Figure 3) and its total weight is 11-1/2 lbs. In standby
it requires 0.8 watts average power. In the transmit mode it delivers a nominal
4.5 watts at 224,5 MHz and a nominal 4.5 watts at 449 MHz, the latter under a
diplexed condition with its receiver, while using 39 watts of primary power for an
overall efficiency of 23.1 percent. Other input-output power options are available,

down to 1.5 watts each channel, by a simple adjustment.

Modular construction has been employed for ease of fabrication and
maintenance. Figure 4 is a photo of the complete transponder and Figures 5

through 10 are photos of each module.

The following discussion of design considerations is referenced by title
directly to the purchase description for Multi-Altitude Transponder, dated

15 January 1965.

1-9
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Figure 4.

Transponder Assembly
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Figure 6. IF Amplifiecr Module
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Figure 7. IF Demodulator and Data Amplifier Module
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Figure 8. Transmitter Module
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Figure 9. Power Supply Module
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Figure 10. RF Diplexer Module
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2.1.1 Composite Signal (PD para. 3.1.1)
The composite signal from the ground complex consists of a carrier wuusc
nominal frequency is 420,935 MHz phase modulated by any combination of fixed

frequency subcarriers as follows:

Subcarrier Frequency Description
a. 585.533 KHz Subcarrier referenced to ground station

complex and used to measure range.

b. 5383.246 KH~ Same as a.

¢. 549.223 KHz Same as a.

d. 543,937 KH. Same as a.

e. 565.000 KHz Subcarrier used to establish system

timing.

f. Subcarrier in the Subcarrier used as a Satellite ranging
range of 500-600 KHz function

g. Subcarrier in the Subcarrier used as a Satellite Command
range of 500-600 Khz function

h. Subcarrier in the Same as g.

range of 500-600 KHz

i. Subcarrier in the Subcarrier known as "Select-call" and
range of 400,00 KHz used to command the transponder from
to 600.00 KHz receive to a transmit condition.

1-10




The modulation index of each individual ranging or timing subcarrier can
be as high as 2,5 radian and will normally exist within the range of 0.5 to
2.5 radians. The modulation index of the select call and command subcarriers
should be in the range of 0.25 to 0.5 radians. The composite index can be any
index that might result from any combination of subcarriers modulated within

this range.

Of the above received subcarriers, only those shown in a. through {. are

modulated on the transmitter carrier for retransmission to the ground complex.

Of particular interest is the different modulation index requirement for
the select call and command subcarriers. The low 0.25 to 0.5 index is necessary
since these particular subcarriers are not retransmitted by the transponder,
thereby requiring their composite indexes not to exceed 1 radian. Linearity is

thus preserved through the receiver phase detector.

A note on the retransmission of the command and select call subcarriers.

Since — . 30 for a phase following feedback ratio = 30

where Mi = Maximum modulation index of select call or command subcarriers

Mi - 0.5 radians

MI = Minimum modulation index of a range or timing subcarrier

within the transponder phase following feedback loop

MI : 0,3/30 - .0166 radians

then the haseband crystal filters used for ranging and timing subcarriers are

required to reject the command and select call frequencies by 300:1 to ensure




that a maximum seleet call or command index of, say, 0.05 radians is modulated
on the transmitter carrier. Since, for stability reasons, a single-pole crystal
filter is required tor cach fedback subcarrier, and a 3 db bandwidth of 100 cps
is reasonably specified, then, due to a PFFB3 ratio of 30:1, a resultant closed
loop bandwidth of 3 KHz and 6 db/octave filter rejection rate, one would expect

no greater than a 23 db or 14:1 rejection of a subcarrier frequency 30 KHz distant.

Thus, in order to ensure that the command and select call subcarriers
are minimally modulated on the transmitter carrier: (1) their subcarrier
frequencies should be chosen as far from the feedback subcarriers (a-f) as possible;
(2) the modulation index used for their transmission should be kept as small as
possible and; (3)the modulation index of subcarriers a-f should be maximized.

Thus

Filter rejection ratio - 14:1

then the ratio of modulation index of each desired subcarrier to that of the select

call or command subcarrier is 14/3 or 4.7:1,

2.1.2 Transmitter (PD para. 3.1.2)

The nominal frequency of the two (2)offset transmitter frequencies is
449. 000 MHz and 224.500 MHz. The transmitter section of the transponder is
designed to provide either 1.5, 3.5 or 4.5 (selectable) watts of output power at
the transmitter antenna terminal for the two (2) transmission frequencies of the

transmitter.

IprrD: Phase Following FeedBack
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The 449 MHz and 224.5 MHz frequencies are easily derived from a
common TCXO at 18,7083 MHz. A not so easy task is providing the 4.5 watts
output power at the 449 MHz transmitter antenna terminal. This problem area
exists because of the high insertion loss exhibited by the post filter and associ-
ated diplexer loss. The high insertion loss is due to (1) the large number of
poles required by the filter plus (2) the wide bandwidth required to pass the
information in association with the small frequency separation between the
transmitter and receiver frequencies. The choice of 8 poles as the number
required by the post filter is derived in Appendix A. The primary design cri-
teria being based upon the amount of noise generated by the transmitter in the
receiver acceptance frequency band. Appendix B verifies the wide bandwidths
required by the post and preselector filter to pass the modulation. Using a
cavity type filter, constructed within the size limitation of the package, the
calculated theoretical insertion loss for an 8-pole bandpass filter with a

Butterworth response is:

Q +Q
(’ =n (20 log _u__L_) (1)
Qu
where
€ = filter insertion loss (db)
Qu = Unloaded cavity Q
QL = Loaded cavity Q
n = number of filter poles
now :
Q Q
u
Q =—7"—""73— 2)
8 QL ) Qu
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where

Q

L tuning capacitor Q

Qp, = 1,000 (Refer to Fig. 11)

and Q'u 120xs x fo (3)

where
S = cavity diameter (inches)

fo - center frequancy of resonance (MH)

Q' - 120x1x 449
u

Q' - 2540
u

then

o 23401000 ..
% 1000 + 2540

f
o
Lo BWa

Q 4)

where

BW sdb 3db bandwidth of each cavity section under loaded conditions.

2 Lk

U - s 16

thus

716 + 16

Q 3(201lo0g 716 )

€ 3(0.172)

C 1.37db
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Mcasured values of the post filter inscrtion loss are 1.0 db., The

additional loss due to diplexing with the receiver preselector was negligible.
This is considerably better than calculated. Special tuning techniques were

developed at ITTFL to obtain this performance.

The transmitter output power selection is accomplished by two simple
steps, (1) a resistor value change (located external to the power supply module)
to adjust the +28 volt power supply voltage, (2) slight retuning of the transmitter
module.  Since the power supply efficiency was designed to be fairly independen.t
of the load, the transponder primary input power reduces in almost direct pro-

portion to a corresponding reduction in output power.

2.1.3 Phase Shift (PD para. 3.1.3)

The SECOR System is a phase measuring system and as such, the trans-
ponder must impart the smallest possible phase shift to the incoming ranging
subcarriers over wide ranges of signal input and conditions of environment as

referenced in paragraph 3.4.3 of the purchase description.

In distance measuring systems, where range information is derived by
comparing the phase of a modulating signal (or signals) of the transmitted car-
ricr with that of the detected signal(s) of the received carrier, phase stability
is of primary importance. The method used to meet the phase stability require-

ments for the MATS transponder is called Phase Following Feedback.

Although we can find the literature covering the subject of PFFB, some-
times called ""Frequency compressive feedback,' or '"frequency following demodu-
lation," it may be helpful to analytically review the technique and in so doing,

point out basic design areas of concern.

A simplified block diagram of the PFFB loop used in the MATS trans-

ponder is shown in Figure 12. Important operational parameters are shown.

An assumption to be made for the following expressions is that the bandpass

elements used in the transponder have a flat amplitude response and linear
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phase shift in the frequency region which includes all signficant sidebands so
that a linear analysis does apply. This requirement is not overly stringent
since these characteristics are essential for good inherent phase stability and

low modulation distortion.

The following equations are derived from the block diagram:

Lw ®) _ Kio Cpo ©® o
Lw,® KpGp 91
K G K. K _K_K K K., G G..G.G G G

FO FO MI IF D CA MO X MI IF D CA MO X

LS
e closed loop transfer function
T
Lu,®
————  Transfer function of forward loop 2)
[ S
RpGr®  Kpg Gpo ® » Kpp Ggp
LPgp ®
————e Transfer function ol total loop (3)
Loy, S

where:
L L,L‘i(S) Laplace Transform of the frequency deviation of the input
carrier frequency
i l’-;W(S) Laplace Transform of the frequency deviation of the output

carrier frequency, after passing through B.P, filter
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A (9

MI

Gy®

IF

1S

)]

5®

cA®

MO

Grio®

K
X

Gy (S

KBP

G'BP(S)

KCA

1

Luplace Transform of the frequency deviation of the input

intermediate frequency

Frequency independent factor of the transfer function (in
this case, KMI = 1)

Frequency dependent factor of the trunsfer function of the

modulation frequencies in the mixer.
Frequency independent factor of the transfer function - 1

Frequency dependent factor of the transfer function of the

modulation frequencies in the I. F. amplifier
Gain of the phase detector

Frequency dependent factor acting upon the modulation

frequencies in the phase detector

Frequency dependent factors acting upon the modulation

frequencies in the compensating amplifier.

Gain of the phase modulator in radians phase shift per volt

of modulation signal

Frequency dependent factor acting upon the modulation fre-

quencies in the phase modulater
Frequency multiplication factor

Frequency dependent factor acting upon the modulation

frequencies in the multipliers and transmitter.
Frequency independent factor of the transfer function = 1

Frequenc y dependent factor acting upon the modulation

frequencies in the Band Pass filter.

Gain of the compensating amplifier.
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Let total loop gain at any frequency jw be

. . j
G i K e + o
Ky Gp )= K e (3,0 4) 4)
and K. G (u Ke"u (5)
‘ FO "FO Y Tl
where
hMQ svstem loop gain - P I\D I\CA KMO KX

P - input modulation angular frequency

K : forward loop system gain

Therefore equation (1) reduces to

IE}
P / l" A
LW 0 ) i

Lui@y K ej(a +a) +1
G A ¢

(6)

Aw . (jw)
We can equate the closed loop transfer function [.T?—GuT to a modulation index

change since

Aw
A s —
L,Um
then
AW () ;
(8] _ 0 l.]' ) )
Aw. (j) m,
i i
where

m - tra.-sponder output modulation index

m, transponder input modulation index
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Letting tan 9, =

B, . C o+ A gD

Kue co (Ads/u_ +0(Q) =

o \/k}*; -2k

Cox Lo(/“?t-:(@\-»- '

\/I —1K/u§. Co= (,4}~+‘»\'Q\,+K

[

A

Kag oo (Ao +a¢)

ke o (ool +a®) -

@
then Mo e K R g
’m % R 5 Ja ¥
Mo e K g1
M, G - —
and
-l
- ey s
A, LS
since KBP = 1 then KM =

that in equation (8)

as K,uq "

KM: (our case). Of particular interest is to note

the system loop gain, becomes large (i.e. Kh-$>> 1)

then mo—> mi, that is, the retransmitted modulation index approaches that

received by the transponder.

For example taking MATS transponder parameters, KM
a small angle, K
AL

or

The output modulation index m

= K , then
Mg
M o N KMQ =
m . K}-&Q 1
e = v

0

Q: 30, and ("Lf qq)

is very closely equal to m,, the input modulation

index. Also ncting equation (9) and allowing the practical case (our's) of

A = very small
¢

A > o e
K o

.
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then I _txv\, -

can be written

o =R S = k,,,\_q_ 2w A

_ L Ko e de
= A - tan Ceaa ™ — | /

_ M - ; _ .
= (7\’“ Al ( _X(LV\_O\_I& KMQ QA«*\—"\-W»

- - Sy

A . — + !

,\(J N \*’\ J‘\G _J_L\-‘L 'AAA_

!

A

As h,uQ t.

Since we are interested in Ado with conditions such as temperature and

Then W, —» o

dynamic range which in themselves create loop phase shifts, then we calculate

CL (* Py LJv "A Q
. These quantities representing the rate of change

‘-L A N Lfk s <

of the output modulation signal phase shift with changes in the forward loop and

feedback loop phase shifts, In addition, we are also interested in

A d

L which represents the rate of change of the output phase shift with
A K
A

¢
open loop gain.
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From equation (7)

Ad,

_ | = Kg Cea (d, o+ 93)

0 - (12)

Ld, k,uq el KMQ Cox (4 F qu+ l
oy s Go G b i) “Rug

— = 13)
A Ag

K,;L\(é - ZKJ«Q Gl <J\4\+ ‘){{3) = /

Figures 13 and 14 give plots of these quantities with K//ﬁ as a parameter.

Notice that in the limit for (9 + 4&2) =m7 wheren = 0, 2, 4, etc. andK >7 1
A
we have

al’

thus, a change in the forward path phase is reduced at the transponder output
by the factor U

Ko » but a change of phase in the feedback path is not reduced by
A
PFFB. For the MATS transponder, we have

K = 20

@ '
AN d = 6o’ (Worse case temperature change)

< 6.°
A
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C)'j\u ~ !
‘:j e KJ«.Q
Mo, = A——-——d"" —_ bo = 20
R0
K,‘«g
Aday o
Cl‘;\% )
A w. ':—AO‘Q:—-O.I

It becomes evident from the above, that a good PFFB transponder should
exhibit a negligible change in phase in the feedback path since PFFB at its best,
will not correct this phase change. Indeed, the MATS transponder feedback path
contains a negligible number of wideband components in this path, all of which

exhibit < 0.1° phase change over all environmental and operating conditions.

One should also note that, assuming the above condition is satisfied
A d\q << M4 , the closed loop phase change is proportional to the forward loop
o
phase change. Thus,Adlq should be kept as small as possible.

From equation (7) we have

Jdu . Al (ﬁd\‘w + 2 @ (14)
A ’S,AQ, Kk; -2 KAqQQ_(dlki- 4Q3'+-’

d*‘ e
Figure 15shows a plot of l—A vs. parameter (5 +d ) the total phase shift of
e KAQ . @
the loop.

These plots are used in the choice of the open loop gain IE«Q, and the
phase o{J: a&Q. Since it is desirable to minimize the phase variation with vari-
ations in circuit parameters, the following conclusions are reached: (1) The
loop gain KAQ should be maintained as high as feasible. System parameters

dictate the maximum practical gain that can be achieved with reasonable hardware.
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(2) Since %. and Ai. vs. (4 + 4q_) are approximately 90° out of phase,
4, dk S
Mg
examination of the actual expected variations of OVL and KA« %is needed to choose

the value of ( gl u(e) at which the sum of both effects is minimized.

Another factor to be considered, however, is to provide a closed loop

system with adequate stability margins. This dictates the maximum allowable

Ao

loop gain KMqand also the selection of 4 + dg\near to 27 wheren =0, 1, 2,3 .. .

4
In general, a value near zero for o + ’)‘Q best satisfies both requirements.
A

In the MATS transponder, the stability of the loop dictates (o +4 ) =
A Q
2/mn wheren = 0,1, 2, 3, - - -, '

since 0()\_ > 9 a

then 0{_,(,‘. = ?._77%

and i{& = o
dK, -

that is, the closed loop output phase is minimally affected by changes in the

open loop system gain.

Also, one should note that although K,«. would normally be chosen as large as

R
possible to minimize A< o’ another primary factor, receiver sensitivity,
dictates a maximum KA‘Q since practical filter bandwidths at th.e MATS sub-

carrier frequencies are limited,

MATS crystal filters necessitate the use of type DD cuts which exhibit
high level spurious at 607 of their center frequencies. Consideration of all of

the above factors yielded KA maximum of 30,

4Note: The mixer is a phase subtractor and, therefore, represents m radiansgp$

the total (4p4+4ﬁ)..'. (qﬂ+qﬁ) = mn, wheren=1,3,5, . . . for MATS.
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2,1,4 Solid State Components (PD para. 3.1.4)

The transponder is designed using silicon solid state components exclu-
sively. This choice assured reliable operation over the required ambient tem-
perature range (-4°F to +160°F) and a sufficient margin to allow extended tem -

peratures to be used if deemed justified at some future date.
2.1.5  Materials (PD para. 3.2)

All materials used in the transponder are of such substance as not to
deteriorate in the environment (vacuum, radiation, vibration and heat) to which
the transponder will normally be subjected and defined in the purchase specifi-
cations. Any questionable materials were tested within the expected environ-

ment prior to irclusion within the final design.
2.1.6  General (PD para. 3.3.1)

The transponder is designed for a useful life of at least one year's normal

operation. The transponder is to be used in satellite configurations in orbits

up to 2500 nautical miles at inclinations from 0 to 90 degrees.

The transponder is designed to operate in a ''standby'', ''receive' or
"transmit' condition. In the '"standby' condition (minimum power mode), only
those circuits necessary to place the transponder in a "'receive' condition upon
receipt of a coherent carrier are operative. In the "receive' mode those cir-
cuits required to provide access to the select call and other normal command
signals, are engaged. Upon receipt of a select call subcarrier the ""transmit"
mode is initiated. In the "transmit" condition, all circuits are energized and

the transponder is capable of performing in a manner called out in modified

purchase description.

The one year operation is satisfied by using worst case circuit design

techniques. This assures us that if all components of a particular network
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were to attain the worst possible paramete variation as defined by their individ-

ual specs, then the circuit would still perform its function satisfactorily.

In addition, the networks in themselves were conservatively designed,
when possible, to allow beyond spec limits to occur (except in a few isolated
cases) and still operate satisfactorily. High reliability components were used

whenever possible.

During "'standby" operation, a minimal number of circuits are operative
consistent with the necessity of commanding the transponder into a receive mode.
A coherent carrier commands the transponder into the receive mode which can
be used for commands to telemetry or the select call operation. A select call

command initiates full power to all transponder circuits,

The select call frequency is easily changed to any subcarrier frequency

within the 400 to 600 KHzrange (and beyond if necessary).
2,1.7 Weight (PD para. 3.3.2)

The weight of the transponder, including interconnecting cables, connectors,

and hardware, is 11-1/2 pounds.

The transponder weight is kept to a minimum by (1) the lack of a main
frame assembly, (2) the scalloping the modules to remove that metal not
necessary for structural strength and (3) the minimum use of covers between

modules resulting from the use of the backs of each as the RF shield for those

adjacent,

Magnesium was considered, but it was too expensive and difficult to work.

2.1.8 Size and Shape (PD para. 3.3.3)

The overall volume of the transponder, including mounting brackets,
connectors and hardware, is 235 cubic inches for all power levels. The trans-

ponder is housed in one (1) regular figured rectangular package. The outside
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dimensions, excluding mounting brackets, mating connectors and other hardware

are 4 1/4"x 61/2" x 8 1/2". (See Figure 3)

A pictorial of the complete package is shown in Figure 16. All available
space within the allowable maximum dimensions was used to the fullest extent
possible due to the high volume of circuitry found necessary to satisfy all the

transponder functional requirements.

This new package was developed to satisfy the MATS configuration, and in
addition, (1) to allow easy component accessibility by both engineering and tech-
nical personnel during both operating and nonoperating conditions and (2) easy

module interchangeability.

Note that the transponder can be unfolded like a book as shown in Figure 16,
allowing almost complete access to all circuitry without removal of a single wire.
Thus the transponder can be in operating condition when completely exposed.
Alignment of the overall transponder is thus simplified and tailor values can
easily replace variables so that no adjustments are provided, nor needed, once
the alignment is complete (except those necessary for retuning the transmitter
to different output power levels). Inter - module wiring (except coax) is hard

wired poini- )-point to eliminate connectors.

2.1.9 Dissimilar Metals (PD para. 3.3.4)

Dissimilar metals are not used in intimate contact unless protected against
electrolytic corrosion. Dissimilar metal combinations and comparable metal

coupling is as defined in MIL-STD-33586.

The modules are aluminum and circuitry boards copper. Both are

gold-plated. All screws are stainless steel.
2.1.10 Connectors (PD para. 3.3.5)

The vse of connectors is minimized to the highest degree practical.

Where connectors are required, they are keyed or positioned so that mating
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errors cannot be made. All connectors, once mated, are capable of being locked

in place either by screw or other positive technique.

The transponder input/output connectors are (1) 2-telemetry multipin-
keyed and screw lock types, (2) 1-power supply primary source connector-keyed
and screw lock type, (3) 2-RF connectors single conductor positive lock types.
All RF interconnections between modules use single conductor positive lock

types.
2.1,11  Environment (PD para. 3.3.6)

2.1.11.1 Thermal Vacuum (PD para. 3.3.6.1)

The transponder performs within the limits called out in paragraph 3.4 of
purchase description in thermal environments from -4°F to +160°F in vacuums
at least 1 x 10™° mm of mercury. In addition, the transponder is capable of being
stored in a vacuum of at least 1 x 10'5 mm of mercury at a temperature of -30°F
without damage to the transponder. Once removed, the transponder is capable of

performing within the limits called out in paragraph 3.4.

The use of components capable of withstanding the thermal vacuum require-
ments is essential. All active components (i. e., transistors, integrated circuits),
are capable of at least -55°C to +125°C operating temperatures and minimum
storage temperatures equal to or exceeding this range. For example, the 2N918
transistor and the //A702A integrated circuit are used extensively throughout the

transponder. Refer to Table 1.

TABLE 1
2N918 A AT02A
Max Storage Temperature -65°C to +300°C  -65°C to +150°C
Maximum Operating -550C to +200°C  -55°C to +125°C
Temperature
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| All passive components, resistors, capacitors, diodes, ete. are chosen,

' such that the normal operating thermal environment is conscrvative compared
to the component ratings. All diodes are silicon, capacitors arc either mica
DM's, ceramic CK's or tantalytic SCM's, and resistors 1/4 watt-carbon film

conservatively derated to less than 25% of maximum ratings.
2.1.11.2 Vibration (PD para. 3.3.6.2)

The transponder performs within the limits called out in paragraph 3.4
purchase description after being subjected to the following types and levels of

vibration.

a. Sinusoidal Vibration (all major perpendicular axes)

Applied Vibration Level

Frequency (cps) (zero to peak acceleration)
5-14 0.5 in. DA
14 - 40 +5.0 g
40 - 50 7.5 g
50 - 70 +30 g
70 - 2000 +22.0 g
2000 - 3000 £20.0 g

b. Random Vibration (all major perpendicular axes)

Applied Vibration Level

Frequency (cps) (g2/cps)
5 - 14 0.07 g2/cps
15 - 50 0.10 g2/cps
50 - 200 0.40 g2/cps
200 - 2000 0.20 g2/cps
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2.1.11.3 Shock (PD para., 3.3.6.3)

The transponder performs within the limits called out in paragraph 3.4 of
purchase description after being subjected to three half-sine wave shock impulses

ol 0.5 milliseconds duration at a level of 200 g's in each major perpendicular axis.
2.1.11.4 Acceleration (PD para. 3.3.6.4)

The transponder performs within the limits called out in paragraph 3.4 of

purchase description after being subjected to sustained acceleration forces of at

least 22 g's for periods of at least 15 minutes in all major perpendicular axes.

To meet the vibration, shock, and acceleration requirements of this design,

the following areas of the transponder have received special consideration:

e All internal cabling and wiring have been spot-bonded wherever

possible to prevent excessive movement.

e All circuit board components have been conformally coated to the
boards to eliminate movement and dampen vibration. Also, components
that are exceptionally susceptible to damage have been bonded to the

cases or circuit boards when practical.

e All cavity filters or networks using helical coils have been steel wire
wrapped to their terminations so they can easily withstand the vibration

requirements,

e All circuit boards have been designed with the components, terminals
and board representing a solid, non-flexing piece of hardware.

e The individual system chassis have been designed with rigid outside
frames and solid center webbs to provide maximum strength at the

component mounting locations.

e All of the individual system chassis are held together at each corner

with adequate hardware to form a solid assembly.

Precision machined module surfaces insure minimum movement between individual

module mounting surfaces.
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2,1.12 Primary Power Requirements (PD para. 3.3.7)

The transponder performs within the limits called out in paragraph 3.4 of
purchase description when subjected to input voltage variations from 11.5 to
17.5 VDC. The input power requirements of the transponder shall not exceed
those listed below, for the mode shown, with 17.5 volts DC applied at its primary

power input.

Standby Mode 0. 8 watts maximum (average)
1.5 watt mode 23. 0 watts maximum
3.5 watt mode 35. 0 watts maximum
4.5 watt mode 39. 0 watts maximum

The standby input power is 1.2 watts if the transponder is "on" 100% of the
satellite orbit. A patent pending technique used by ITTFL to provide duty cycle
switching of the standby supply can reduce the average power dissipation in standby
to 0.25 watts. The prototype transponders are adjusted to a 50% duty cycle for

an average power dissipation of 0.8 watts.

The input powers for various output powers are as shown above. Although
the 4.5 watt mode input power is within the modified purchase description require-
ments, the 3.5 watt and 1.5 watt modes were high. The primary reasons for
this are:

(1) 28 volt supply voltage from transponder power supply not adjustable

over 25 to 33 volts rather than design limits of 20 to 30 volts.

(2) The fixed receiver loss is independent of the transmitter power, but

the spec requirement is proportional to it.

As previously noted in paragraph 2.1.2 of this report, the diplexer designed
for this program is special and indeed advances the state of the art in the area of
insertion loss for a given number of filter sections. The design of this diplexer
was a primary consideration in meeting the state of the art power cificiency of the

transponder.
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Other primary factors affecting the amount of primary power used (during
transmit) by the transponder are:(1) the required output power; (2) the transmitter
efficiency, primarily the high power stages, and; (3) the power supply (DC-to-DC

converter) efficiency.

The required output power for the 4.5 watt mode is 4.5 watts at 449 MHz,
and 4.5 watts at 224.5 MHz. Since the diplexer insertion loss is 1.0 db and the
224.5 MHz post filter insertion loss is 0.5 db, then the required output power
from the 445 MHz {inal amplifier is 1.26 x 4.5 watts = 5. 65 watts, and corre-
spondingly, 5.05 watts from the 224.5 MHz final amplifier. The 449 MHz
amplifier is best designed about class B or C operation to ensure optimum

cificiency.

The collector circuit efficiency, 7n, is defined as the ratio of the a-¢c power

delivered to the real load, R, , divided by the d-c input power. When an ideal

L’
unilateral device is operated class B or class C, n will be greater than 78 per-
cent, However, in a practical situation, collector-circuit efficiency will be

either artificially high or much lower.

The principal causes of difficulty in obtaining ideal class B operation in
a common-emitter circuit are excess emitter lead inductance, Le’ and internal
capacitance, ch, between the collector and base terminals that shunt the active
region of the transistor. The extra capacitance and its associated time con-
stant with the resistances it drives produces a base drive that tends to keep the
transistor ON when the external drive is moving it toward cutoff. Le also tends
to keep emitter current flowing, rather than allowing the emitter to be sharply
cut off. The result of these effects is to produce a larger conduction angle and
lower efficiency. With careful design, reasonable approximations to class B

waveforms can be achieved with efficiencies of 50 to 70 percent.

The transducer gain provides an effective measure of circuit performance.

Transducer gain is defined as the actual power output to the real load divided by the power

available from the source. When this quantity is large compared to 1, the collector circuit
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efficiency will be a meaningful quantity. wWhen transducer gain drops significantly,

appreciable power flow from input to output through passive elements may be

occurring and the collector circuit efficiency then will be an artificial measure

of circuit performance. This is obvious when it is realized that a transducer

gain of 1 can be achieved with a passive matching network requiring no d-c input

power., The normal definition of nwould make it infinite for this case. For

low-gain transistors, efficiency would better be defined as transistor efficiency.
,:7

AC ouT X ’00"/
0

aﬂ"ihuwanm - PAgun t+ Fbc IN

Figure 17 contains a curve showing the RF power output vs. RF power
input at 400 MHz for the 3TE 440 transistor. This device was found to pro-
vide the most gain of any device presently available for the required power output
at 449 MHz. Other transistors investigated were 2N4040 and RCA 2N3375.

For the typical collector of circuit efficiency of 65 percent published in the
3TE440 spec (slightly optimistic for our case at 449 MHz), we have

P - F%L ouT R =
: Pe v = ] Ac in ]
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Repeating the above for the 1.9 watt driver 3TE 450. Refer to Figure 18 for
3TE450 curve.
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Since the maximum primary power allowed in the 4.5 watt mode is 39 watts,
then the transponder power supply efficiency would have tc be:

Uy — 9‘/5’7 \O/' _ &)
Zfowu 129 A /OL/Q - 63[

S\.H”L\/

Notice that in the above calculations, near optimum conditions were
assumed: (1) nearly theoretical efficiencies; (2) no allowances for temperature
effects; (3) the use of the same driver for 449 MHz and 224.5 MHz finals, and;
(4) perfect VSWR matching (i.e., VSWR = 1). An overall DC-to-DC converter
efficiency of 70% minimum is required in order to meet the power input

requirement.

Since the power supply efiiciency is reasonably independent of the load,
the input power level required at lower RF power output levels decreases

almost in direct proportion.
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The transponder was designed to operate with a minimum of primary
power in the "standby'" mode. The specification requires the maximum standby
primary powcr not to exceed 1 watt. Table 2 indicates the standby power

distribution of the transponder on a module basis.

The RF amplifiers, KMC 2N3880 transistors, were chosen on the primary
basis of iowest noise figure available at 421 MHz. As common base RF amplitiers
they exhibit very stable electrical characteristics, and low noise figures, but

require =70 mw of input power.

The modulator/oscillator module supplies a standby L.O. to the receiver
first mixer. The required stable L.O. is derived by multiplication (X24) from
an 18.7 MHz reforence carrier oscillator. The 150 milliwatts dissipation is
the result of an extensive power reduction program. The X6 step recovery
diode provides the theoretical 1/n efficiency criteria (where n is the multipli-
cation ratio). Since the hybrid isolator has a 3.5 db insertion loss, and the
first mixer requires 2 0 dbm injection, then 75 MWs for the 75 MHz amplifier,
50 MWs for the X4 multiplier which " cludes losses in a 75 MHz 2-pole filter
to reject the 18 MHz fundamental, and 25 MWs for a TCXO results in a reason-

able power dissipation for the module.

The data amplifier /demodulator module provides a phase lock loop to
track and detect the transmitted carrier, a correlation loop to command the
power supply to the operatic « mode and the 11.225 MHz reference oscillator.
This TCXO is again 25 MWs, and all 2N918 amplifiers are starved to 2.0 ma,
(i.e., the lowest acceptable value consistent with worst case design practice).
The DC amplifiers are integrated circuits 4A 702As. Unless ICs are specifically
designed for MATS standby voltages (which would be quite prohibitive based
upon the small quantities used) then this 40-50 MW circuit type is the best that
can be presently expected. The IF module provides 120 dbm of power gain

under standby conditions to ensure that all effects of the environment will not
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degrade the performance of the transponder below the minimum required to
bring it out of a standby condition. Thus, a power dissipation of =25 MWs/10 db
gain is reascnable since the wide bandwidth required by each IF stage (= 15 MHz)
for a constant gin bandwidth product, allow only a small effective gain per
stage. In addition to the above, frequency conversion, limiting, the VCO, etc.

are also powered in the IF module.

The best power supply eificiency attainable under standby condition is
60 to 65%0. The efficiency of the power supply is limited by the large primary
voltage variation and the high degree of regulation of the output voltages required
by the transponder. The resultant 0.8 watt input power is thus the result of a

duty cycle mode of standby operation.

2.1.13 Radio Frequency Interference (PD para. 3.3.8)

The transponder meets the EM1 requirements as defined in MIL-STD -826.
This is basically a requirement to provide filtering at the transponder output, the
end result of which provides ) 60 db attenuation to all frequencies which are
harmonically related to those transmitted and 2 8¢ db attenuation if non-
harmonically related. The 8- »le, 449 MHz post filter provides = 48 db/oct
attenuation to all frequencies outside of the 3 db bandwidth and thus easily rejects
all unwanted frequencies. The 2-pole224.5 MHz post filter, providing a 12 db/oct
slope, will reject the second harmonic 449 MHz by a minimum of 64 db. Sub-
harmonic [requencies (related to 18.7 MHz fundamental crystal), are rejected by

filters within the multiplication chain.

Radiation from other areas of the transponder should be minima! since
precautions such as (1) providing RF shielded cables for all interconnections
external to the modules, (2) completely enclosing the cables, (3) completely
enclosed machined modules (providing excellent electrostatic shielding),

(4) complete control of module ground locations to minimize the effect of electro-

magnetic radiation, and (5) shields grounded at both connector ends.
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2.1.14 '"Select Call" Circuit (PD para. 3.3.9)

Circuitry is provided within the transponder to recognize whether or not
a "select call'" signal is present and carry out the operation required to place
the transponder in a "transmit' condition. The circu.t is capabie of being
readily changed and fixed (by minor tuning and crystal insertion, etc.) to recog-
nize a given subcarrier within the range of 400 to 600 KHz. The bandpass of the
crcuitry associated with the '"select call" frequency is designed so that the
-45 dbm to -115 dbm or other spurious transponder signals can not falsely
trigger the transponder in a '""normal' operate condition. The above holds true
for all worst combinations of environment and voltage variations. Provisions
are made to override the "'select call" circuit from an external switching function
without having to insert a "select call" signal at the receiver input. The con-
nections for the override feature terminate at an easily accessible point on an

external connector.

The original specification requires a '"'select call'' operation with com-
posite subcarrier signals. This operation is not compatible with a high modulation
index phase following type of transponder since proper control of the composite
subcarriers by the ground stations is required to initiate the ''select call"

operation.

When the PFFB loop is not operative, that is, when the transponder trans-
mitter is not operating, high index composite subcarriers entering the receiver
can exceed the dynamic range of the phase detector. In additicn, when passing
through an index of, say, 2.4 radians, the receiver phase lock loop can lose

carrier lock since theoretically no carrier power exists at this particular index.

A simple replacement of the ""select call" crystal filter is required to

change the subcarrier frequency anywhere in the 400 to 600 KHz range or beyond.
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The "'select call" crystal filter is multiple pole, thus providing a skirt

selectivity of 2 12 db/octave.

Subcarrier frequencies out of band are attenuated reducing the probability

of falsely triggering the transponder into the transmit mode.

2.1.15 Transmitter Output (PD para. 3.3.10)

The transponder transmitter is capable of providing either 1.5, 3.5 or
4.5 watts output from the transmitter terminals, which includes the diplexer,
on both 224.500 MHz and 449.000 MHz. Choice of the desired output necessitates
the selection of a power supply resistor, and minor tuning of the transmitter.
Minor tuning and calibration is defined as the process required by a technician
not thoroughly familiax with the transponder, but by reading instructions, to
tune and calibrate the transponder in a two-hour period using standard laboratory
equipment for normal operation and performance as defined in other paragraphs

of this document.

The transmitter system power output change is accomplished by: (1) changing
the R+ voltage to the transmitter from 28 VDC to lower settings as defined iu: the
alignment procedure and accomplished by changing a single resistor, located
external to the power supply module, and; (2) slight retuning of the transmitter
module. Variable capacitors are provided with adjustments made using standard

alignment tools.

2.1.16 Antenna Input/Output (PD para. 3.3.11)

The transponder requires, at a maximum, two (2) antenna connections for
reception of signals from the ground complex and transmission of the ranging
and timing data back to the ground complex. A diplexer is provided as an
integral part of the transponder, prior to the antenna output terminations, to
allow reception of signals on 420. 9375 MHz and the transmission of signals on
449. 000 MHz. All output terminals, including the diplexer, are capable of
handling either the 1.5, 3.5 or 4.5 watt output configuration.

1-46



The input/output impedance of all antenna connections is 50 ohms over the

total bandwidth of interest. The VSWR does not exceed 1.5 for the 449 or
224.5 MHz ports.

The sensitive receiver employed in the transponder has demanded an
unusual degree of filtering at the receiver input and the transmitter output. The
filters selected are both eight-pole. Tuning of the diplexer, including both filters,
is performed as an integrated unit prior to integration with the transmitter and

receiver. The resultant losses are as shown in Figure 19.

It is impractical to check the VSWR of the transmitter outputs over the
bandwidth since this would require driving the high power stages at frequencies
widely separated from 449 MHz or 224 MHz, thus providing, in some cases,
reactive loads, at full power, sufficient to exceed device dissipation. Therefore,

the band of interest, as far as VSWR measuremen 15 taken to be center
frequency only.

The VSWR, as applied to the transponder receiver is 2. 0:1, since power
match denoted by a VSWR of 1 does not provide a minimum receiver noise factor

and thus, maximum transponder sensitivity.
2.1.17 Bandpass (PD para. 3.3.12)

The overall bandpass of the transponder and data channels (including all
subcarrier commands), is designed to minimize phase shift, as defined in
paragraph 3.4.3 of the purclase description. The design considerations include
all system instabilities, any combination of modulation index, S/N, the effects
of doppler and all other requirements defined in this document. Some of the

system considerations are:

(1) the maximum radial velocity of the satellite which contains the trans-
ponder, is that associated with an elliptical orbit whose perigee is 200 N. miles

and whose apogee is 2000 N. miles in altitude;
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(2) Frequency Stability
a. 420.9375 MHz carrier 0.001%
b. All subcarriers 0.005%

(3) modulation indexes of the individual ranging or timing subcarriers lie
within the range of 0.5 to 2.5 radian; (4) the transponder ranging data signal -to -

noise ratio is +12 db as defined in paragraph 3.4.11 of the purchase description.

Analysis derives the closed loop performance of the transponder as relaied

to open loop parameters. The primary open loop parameters of importance being

A“ﬂ, A“’ and K};’.

Refer to the MATS transfer function Block Diagram, Figure 12 and ccmpare
it to the lunctional Block Diagram, Figure 1. Since the tazeoff point for PFFB
occurs at the output of the 449 MHz transmitter final amplifier, the only circuit
incorporated into the feedback path is a 2-pole cavity filter. This filter's
primary function is the elimination of undesirable L. O. frequencies, mainly

the 224.5 MHz. Calculating envelope time delay associated with this filter, we

have:
t envelope :AX‘%’L{‘ZZ?;‘::S (m) (1 )
where t envelope = envelope delay of the bandpass network.
n = number of poles in the network
AO(w) = 90° linear phase shift between 3 db points for each pole.
= 1.57 radians/90°
ANw = 3 db bandwidth in radians for each pole.
therefore tenvelope = ety 110657( 3 X 2 = .01 psec
feedback 5
path
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Although cavity filters exhibit time delay stabilities much better than 10%,

for argumicant's sake the benefit of the doubt is given the reader. Thus

A

= 1 4 3
tfecdback 1 x .401=.001 ,usec

path

‘hich at 600 KHz (i.¢., the worst case highest modulating frequency), yields

- 0
r600 KHz 1.67 },;sec/360
and
\ .001) (360)
A 1.67 = 0.215 degrees
for
K’“g 30
then
L‘-"O -~
X T -1
Axo| 2 -0.215°
Ais
Thus, the output phase change exhibited by the transponder due to A is
minimal.
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Table 3 summarizus the results of u similar unulysis ior the lorward loop
portion of the transponder on u module basis. The chungus in envelope delay
were arbitrarily taken as 10% for vach module (except the erystals). This is
typical of the performance exhibited by the breadboard trunsponder over com -
plete environment und signal tevel chunges velated W dhe 8/N catio und modulu -

tion index variables. Without the crystal filters we have
]
Ak, -1.62

noting that

Adu . go°
cryl?als gt

and
/
AXw =8y, terysals) - AX
A, = 61.5° l

since

Al¥y D A ¥y

crystals

thes Auq 2 A4 uu crystals

Thus the choice of crystals becomes an all important parameter in the design

of a phase stable transponder. Since a DD type «rystal cut is the most tempera-
ture stable us compared to the other alternatives of DT, and CA, this type was
chosen. \n unfortunate byproduct of its superior temperature stabili’y is
spurious products at undesirable frequencies of sufficient magnitudes to cause

loop stability problems. Considerable effort was devoted in the uemodulator
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design to negate the spurious effects. The results allowing the use of a crystal

2
with 4 crystal

and <4°F, it is reasonable lo expect the 8o, performance outside of this tem -

# 60Y max. Since most of the phuse shift occurs between 230F

perature range to be correspondingly improved,

Since Ado___ - J -— 4 -
s Ad.,“ = 6?75 /3y, = 2.25°

Some circuitry exists ouulde&of both the forward and feedback paths. namely
the diplexer, RF amplifiers and ussociated filters. Refer to Table 4 for
calculation results. The total £d  with respect to these circuits is

A = 2.5°
out of loop circuits 3ab

Notice that the Diplexer filters were allowed a 10% change in delay.
Again we are being ultra conservative since, for cavity type filters, the actual

delay change is <1%.

TABLE 4
CIRCUIT ENVELOPE DELAY CHANGE IN DELAY CHANGE IN
_(usec) (usec) PHASE
(Degrees)
Pre Selector .05 . 005 1,07
Post Filter .05 . 005 1.07
RF Amplifier . 0063 . 00063 .136
Other Filters . 0083 . 00083 .178
Thus, from the above we can calculate the Ad, .
o = A o Adg o A S
£ (Aca.lculated out of ~ " respectto respect to ( 2.)
worse case loop circuits forward loop feedback loop
67.5
= 0.
2,50 + 30 + 0,215
=2.56+2,25+,215
= 5°

W - i . e o G N R i e g b e i i i o e T
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In practice, with the breadbourd transponder, it hus been found that Ad., /A I

hus been by fur the predomirant factor and thus equation (2) can be rewritten

A;?c‘iuulb ot ’44»

or even more simply, and almost us accurately

Do, |
actual Ao, l Ad
“erystal

denoting that the cholce of this crystal filter is of major importance to the design
of a phase stable transponder, assuming all other factors, due to careful design,
can be neglected, This case applies to the MATS transponder and is all important

to its future potential.

As fur as those parameters relating to frequency stabilities and associated
orbital parameters, they arc used primarily for specifying the phase lock loop
parameters along with the stabilities of those oscillators associated with the
transponder itself,

A most unique problem is that of a carrier acquisition. Because the satel -
lite is moving past four ground stations at geographically different locations, and
with slightly differing RF carrier frequencies, the transponder inust be prepared

to perform the carrier acquisition process anew on each received pulse in the

SECOR transmission frame sequence. Thus, in a period of 50 ms, the trans-
ponder will encounter four different carrier frequencies with four different dop-

pler offsets. Acquisition and de-acquisition must be virtually instantaneous.

The system designed to meet the requirements of the purchase specification
is shown in the block diugram, Figure 1. The system consists basically of two
loops in parallel. One is the carrier phase locked loop, and the other is the

phase following feedback loop. They are not, however, independent,
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The gain of the carrier loop is a function of carrier level, and as such,
is a function of the feedback gain of the PFFB loop, Further, the detection of
the subcarriers is done in the phase detector by product detection. The output
of the product detector is given by:

t t
Eo=klln(0dc+0 OOlp1+0 cospzﬁ...). (4)

1 2

For 0 de + 01 + 02<<1 radian, the output would be linear and the output
levels would be independent. It is evident that in analyzing loop stability (i. e.

@ —>90 degrees) the two loops must be treated as one.

Rather than treat the problem of interdependence analytically, we chose
to present a subjective analysis. This is justified since the nonlinear analysis

required to solve the problem is not adequately solved at this time.

Let us take two practical cases: Case I, high S/N ratio in both loops,
Case II low 8/N condition within the PFFB loop.

Case I: High S/N ratio ensures that the signal power i8>”noise power
within the PFFB loop. For K Q= 30 we have
M

By
m . = 6]
pd 1+ KJ*Q
where
m pd = modulation index presented to phase detector

mi = modulation index received by transponder

solving for highest m_. we have

pd
15 radians Peak _
mpd = 1+ 30 = 0.484 radians peak

Thus, a linear condition prevails within the phase detector and the PFFB

and carrier loops are for all practical purposes independent.
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Case II: Low S/N ratio is defined as that level in which the noise power
within the PFFB loop is sufficient to momentarily prevent the loop from tracking

the phase of the incoming modulation. As the tracking error increases, equation

(35) becomes

where
€ = factor relating to the PFFB tracking error.
€ —»1 for negligible error
€ -—(1+ h;»q) as the tr.acklng error approaches > 90°,
As the loop S/N ratio approaches threshold and below

m ~»>m

pd i

and the phase detector output can no longer linearly detect the modulation. Since
carrier level is a function of the modulation index and the PLL gain is a function

of carrier input level, then one can easily accept the fact that the carrier loop

PP T TN

can lose lock for weuak transponder input signals.

The basic requirements for the system to be sequentially interrogated by
four ground stations in 10 ms bursts with 2. 5 ms spacing between bursts,

establishes the following operating criteria for the transponder:

(1) The phase locked loop must initially acquire to turn the transmitter

on,

(2) The phase locked loop must reacquire every 12.5 ms upon a different

carrier frequency.

(3) All transient responses of the previous station must die down in 2.5 ms.
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Since several hundred milliseconds are allotted for initial transmitter
turn-on, and the time delay for turn-off is at least seven seconds, the first
requirement does not impose any difficulty, The main concern in this area is to
set the select call threshold sufficiently high to ensure a low probability of false
alarm turn-on due to noise peaks. Diodes, in conjunction with filter bandwidths
wide enough to pass only the highest select call modulation rate (i.e., 20 pps
with a 15% duty cycle), satisfy the requirement,

The need for reacquisition every 12.5 ms, and the transient response
requirement impose some difficulty, unless the transmitted signal is properly
shaped to allow the feedback loops to respond. A recommended signal shape
would be that shown in Figure 20. The carrier alone would be on for 0.5 ms;
then the modulation would be applied gradually for the next 2.5 ms., Full
modulation would exist for an additional 5.5 ms, and then the modulation level

would drop off to zero in 2. 5 ms with the carrier off after another 0.5 ms.

The bandwidth of the phase locked loop must be sufficient to acquire the
carrier in the 0.5 ms under all conditions of possible carrier frequency
uncertainty. This uncertainty is due to doppler, oscillator instabilities, and

dc offsets in the voltage controlled oscillator loop. They are as follows:

e Doppler uncertainty 12 KHz
e Received Signal Frequency

0.001% Stability at 421 MHz + 4,2 KHz
e VCO Stability + 3.9 KHz
o Reference oscillator stability + 1,6 KHz
e Local Oscillator Instability

0.0005% at 449 MHz * 2.25 KHz
e Phase Detector DC Offset

+1,5 mv at 15 KHz/volt + 4,5 KHz
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The maximum error would be approximately +28,5 KHz. The time required

for carrier lock is
2
" >K (81)
L/ 3
nn

where fnn is the lowpass bandwidth of the loop, A f 18 the frequency uncertainty,
and the constant K is a function of the damping constant of the loop, equal to

approximately 4 for a minimum noise bandwidth loop.

fnn = 30 KC (Refer to Figure 14 for open loop Bode plot)

K = 4 (for a 0.7 damping factor; MATS loop)

L f=28,5 KHz

3.2
t. > Aud8. G 10 ) 2116 usec

L= s0x10%3

Thus, the allowable lock-up time of 0.5 usecs assures carrier acquisition.
One should note that the above lock time is modified somewhat by the constantly
changing loop bandwidth fnn'

The bandwidth change occurs since the loop gain can be as much as 15 db
less after acquisition than before, (Refer to Figure 21), due to coherent AGC

action,

"nn after acquisition = 5 KHz

The S/N of the loop for an input signal of -115 dbm before acquisition is
S/N=115-KT+B+ F

where
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KT 174 dbm W2
B = 30 Kilz or 45 dL
F  Noise figure  9db
SN 20 db before acquisition
SN ufter acquisition® =115 ¢ 174 = 37=9
13 db
Both figures are well above the threshold of a carrier loop where

S/N Yl db
Loop threshold
Figure 22 shows the MATS PLL acquisition performance locking on a
carrier <10 KHz above 420, 9375 MHz, to unlock, then 420.9375 MHz -10 KHz,
to undock, and repeat,

vl‘ A .
L 100 usec

Actual
S/N threshold is measured at ¢ -123 dbm RF signal input to the transponder,
(i.e. threshold defined as a 100 Hz unlock to lock rate for a carrier 10 KHz

from center frequency).

The slope of the increase in modulation must be such as not to cause the
loop to break lock and cause the narrow band crystal filter to ring. The criteria

for breaking lock is that the peak phase error of the loop exceeds 90 degrees.

The phase modulation PFFB loop is represented in Figure 23. The filter
response is the lowpass equivalent of the bandpass filter. The variable(s) will

thus be transformed to a variable about the resonant frequency of the filter.

The transfer function of the loop
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Figure 22. PLL Performance, Dynamic
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S+l~1

(S 4 (/Jlb'
0— —_——

e S+ (K + l)w1

H (S) =

or

Expanding into a Maclaurin's Series,
dg
1 K 1 _ i
o = G 4 ———m— (. where@; = ——
dT
¢ K+ 1)° Ul 1

For the ramp in phase illustrated (Figure 13)

& - 2.5 radians
e

3 = 1000 radians/second
2.5 x10 ~ seconds

The transponder uses crystal filters having 100 cps 3 db bandwidths. Thus,
the lowpass equivalent of w1 = 27 x 50 cps and(}‘3 due to the ramp is equal to (for
K=30db = 31.6)

- L8 = 1000 _ o, 094 radians
(32.6)" 2™ x 50
However, the overall system will have phase errors introduced due to the
ramp of each subcarrier, the frequency error, noise jitter, and the phase mod-
ulation of the subcarriers themselves. These errors will be cumulative, as
previously explained, and could prevent lockup. The detected signal from the
phase detector will be:

= k sin (&
Eo k sin ( i Gl cos(1t+ (9'2 cos(’zt. - +0;amp

[ £(g) + £(C) « + . e 7]

As this error approaches 90 degrees, the differential gain for additional

error falls to zero and the loop becomes unstable.
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Assuming a peak modulation index due to all subcarriers of 15 radians,

the error due to the ramp will be J.56 radians, (15/2.5 x 0.094 = 0.56)

The signal -to-noise ratio in the lowpass loop is a minimum +13 db after

acquisition,

The signal -to-noise ratio in each subcarrier loop at 2.5 radians

of deviation is approximately 20 db. At 0.5 radians, the S/N will be +6 db.

S/N - KT -§S-B-F+M

I

each subcarrier

where

B

Q

Q
MI
.

S

KT -

S/N

- 100 ¢cps x PFFB ratio X Q
= 6220 cps or 38 db
conversion factor from 3 db bandwidth to noise bandwidth
- 2 (refer to Appendix C for calculation)
= 2.5 radian or 8 db (20 log 2.5 = 8 db)
-9db
115 dbm
-174 dbm/Hz

=174 -115-38 -9+ 8=+20db

each subcarrier
2.4 radian

One should note that if only one subcarrier is used, but the other 5 are

not, then during a S/N measurement

S/N =20db - B

T

measured
2.4 radian
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where

BT = Noise BW of all subcarrier channels

= 6 B. An 8 db greater noise bandwidth than required for the "one"
subcarrier under measurement.

The signal~to-noise ratio during the phase ramp is a variable, being a

function of the modulation index. The phase jitter ") is a function of S/N,

1
Trms= ——_,
(s/2N) />

The cumulative errors during the ramp will be as follows:

e & error (ramp) 0.56 radians
e PLL error due to frequency uncertainty 0.1 radians

® Noise Error (rms)

e Lowpass filter 0.22 radians
e Subcarrier filters 0.10 radians
® (& error at 15 radians peak %= 0.427 radians

The overall error at -115 dbm is approximately 1.4 radians rms. The

system will be stable, if not linear, during the ramp input.

The gain of the PLL loop is sufficient to reduce the phase error (for a
frequency offset of 28.5 KHz) to . 10 radians, This will require a loop gain of

greater than:

3
=28.5x01(i X 2 =1.8x106

G

This is obtained with the following gain constants:

K¢ = phase detector gain: 0.1 volts/radian
K de - dc amplifier gain: (voltage) 46 db
Kv co- voltage controlled oscillator constant: 12 KHz/volt
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2.1.18  Grounding (PD para. 3.3.13)

The case of the transponder is isolated from the primary power system.

In this regard, DC isolation is > 20 K. The outer case is used only as RF !

ground.

The primary power is supplied to the transponder power supply using a
floating ground system to isolate the transponder case from the primary power
system ground, Although isolation at 100 KHz was originally specified at 100 K&,
capacitance from the primary to case ground was required to reduce RFI
problems within the power supply. The infinite DC' resistance originally speci -
fied is, of course, not practically possible. A DC resistance of 20 KQ was

found to be a reasonable valur for the design.

2.1.19 External Cables (PD para. 3.3.14)

All external cabling other than that utilizing coax, are shielded to the
highest degree practical. All shielded cable is grounded (RF ground) at both
ends and is of low capacitance. No shield is used as & common return except
for RF. Since more than one package is used, provisions are made for a é
positive electrical RF bond, in a stacked condition, between all package

modules.

All cables, external to the modules and carrying RF, are a coax type.
The shielded outer conductor is RF grounded on both ends and, when possible,

terminated by an impedance equal to the characteristic of the line (i. e., Zo =

503y. Non snield cables occupy the same cable channel as the RF cables. The
entire cable channel is RF shielded from the external environment by an !
aluminum cover plate. The individual modules are machine fitted (to a flatness

and parallelism specification) to provide a positive RF bond between them.
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2.1.20 Transponder Warm-Up/Shut-Down Properties (PD para. 3.3.15)

The transponder is operating and in a condition to perform as defined in
paragraph 3.4 of the purchase description, under the worst combination of
environmental, voltage variation and dynamic range conditions defined in PD
paragraphs 3.3.6, 3.3.7 and 3.4.1, respectively, within 6 seconds after the"
receipt of a "select call" subcarrier or the activation of the "select call"

override as defined in PD paragraph 3.3.9.

The transponder remains in the "transmit" condition, under the same
conditions defined above, at least 7 seconds, but not more than 15 seconds,
after the termination of the ''select call" subcarrier or the deactivation of the
"select call" override as defined in paragraph 3. 3.9 of purchase description.
This holds true for pulsed ''select call" signals where the pulse rate is 20 PPS

with carrier on duty cycles of 15 percent or more.

Since the transponder is completely solid state, the original warm-up
time of 60 seconds is not required. The effect of this change is to reduce the
total energy expended by the satellite power source, during a transmit condition.

For example, for three (3) 10-minute transmit periods per day, we have:

Xmit Energy/10 minute period = Xmit power x .167 hrs (i.e. 10 min)
= 39 watts (.167 hrs) = 6.5 watt-hrs

Xmit Energy/3 - 10 min orbits = Xmit Energy/day = 6.5 x 3
=19,5 watt-hrs

Xmit Energy for warmup =39 (.05) = 1. 95 watt-hrs
(I MiniTE ALK oRbIT)

Therefore

Total useful energy/day = 19.5 - 1,95 = 17.5 watt-hrs
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Since a maximum allowable warm-up of 6 seconds is sufficient, then the
total useful energy per day is approximately 19.5 watt-hours versus 17.5 watt-

hours/day as was originally intended by the purchase description.

An automatic time delay circuit is incorporated into the power supply
module to return the transponder to a "receive' condition upon termination of
the ""select call" signal, and a "'minimum'' power drain condition (i.e., "standby')

after termination of the coherent carrier.

2.1.21 Telemetry Sensors and Outputs (PD para. 2.1,21)

Certain telemetry parameters are provided within the transponder in order
to obtain housekeeping data while in orbit. The circuits re-;uired to provide the

parameters are integral to the transponder and consist of the following.

2.1.21.1 Thermal Sensors (PD para. 3.3.16.1)

Three (3) thermal sensors are placed in the transponder; one (1) is placed
on the case of the power supply; one (1) on a structure in close proximity to the
transmitter output; and one (1) on a structure in close proximity to the ranging
subcarrier filters and amplifiers. The thermal sensors have a range that covers
the expected temperature within the areas of interest when subjected to the
Thermal Vacuum test defined in paragraph 4.3.5 of purchase description. (This
does not include non-operating storage conditions.) The thermal sensors are of
the Fenwal iso-curve type. The sensors have a maximum thermal time constant
commensurate with overall system consideration. The isolated leads of the
thermal sensors are brought to an external connector on the transponder for use
in an external telemetry system. The thermal sensors are passive in that power
for these circuits are not provided within the transponder, but from an external

source.




2.1.21.2 Input Signal Strength Monitor (PD para. 3.3.16.2)

An active (powered internal to the transponder) circuit is provided within
the transponder which is used to indicate the received signal strength at the
receiver input of the transponder. The cutput is in the range of 0.5 to plus 5
VDC, over the dynamic range of 45 dbm to -115 dbm, with external loads of
5.000 ohms or less shunted by 150 micro-micro farads of capacitance. Indi-
cations of signal strength are available when the receiver is either in the
"receive" or ''transmit" condition. All circuits required to provide the above
output are power internal to the transponder configuration. The output leads
are routed to an external connector on the transponder for use in external
telemetry systems. The presence or absence of the above load does not
damage the transponder or affect its performance as shown in paragraph 2.2
of this report under the worst combination of environment, voltage variation
and dynamic range. The input strength output is approximately logarithmic.
At the given temperature, the resolution of the output is +2 db, The output has
an overall reading accuracy, including resolution and stability, over the worst
combination of environment conditions and dynamic range of +5 db for a period

of one year.

Since the transponder contains two types of AGC (1) non-coherent (signal
plus noise)AGC and (2) coherent (signal)AGC, the signal strength indication
over the -45 dbm to -115 dbm range is shared between two outputs. The range
-45 to -105 dbm is covered by the signal plus noise AGC. The remainder is
covered by the signal AGC. The signal AGC is fed to telemetry on the same
line as the "frequency acquisition" indicator. In the interest of conserving
power to the maximum extent possible in the ''standby mode," the AGC circuitry
is not turned on until an inband carrier provides a correlated output from the

detector, placing the transponder in the ''receive'" mode.




The original specification uses words "approximately logarithmic' to
define the signal strength monitor characteristic. This should be redefined
with reference to the actual curves obtained, since the words are too subjective

to accurately denote the output characteristic,
2,1.21.3 Power Output Monitor (PD para. 2.1,21.3)

An active (powered internal to the transponder) circuit is provided to
indicate the power of the 419,00 MHz transmitter output, This circuit is
capable of providing outputs within an 0 to plus 5 volts DC range for either of
the 1.5, 3.5 or 4.5 watt output configurations, The output voltage of this circuit
versus the output power of the transponder is stable within +10% of maximum
reading and approximately linear over all conditions of environment and voltage

variations defined in this document.,

This circuit is capable of driving 5000 ohms shunted in parallel with 150
micro-micro farads. When the transponder is in a "standby'' condition, the
voltage out of this circuit is "0" volts. All circuits and power required to
provide the output described above, are an integral part of the transponder.
The output leads are routed to an external connector on the transponder for use
in external telemetry systems. The presence or absence of the above load does
not damage the transponder cr affect its performance as called out in paragrapli 2,2
of this report under the worst combinations of environment, voltage variation or

dynamic range.

The original output linearity specification of 5% is too tight for simple RF
diode detection circuitry. Unless one can justify the additional circuitry required

to linearize this function, it is reasoned that the present circuitry is adequate.

The plus 0.5 volts originally required during ""standby" is not provided,

since no power is supplied to the transmitter module during standby.
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2.1.21.4 Automatic Phase Control and Frequency Acquisition Voltage (PD para. 3.3.16.5)

Two outputs, indicative of Automatic Phase Control und of Frequency
Acquisition, are provided. The output impedance of these circuits lsi(ioo ohms,
These circuits are capable of driving loads of 5000 ohms or less. shunted by
200 microfarads capacitance at levels hetween 0.5 and 5.0 volts for the output

range. Each output is plotted for each transponder,

The APC monitors the error voltage of the phase lock loop through a
buffer amplifier whose output impedance is™ 150 ohms. The Frequency Acquisi-
tion output monitors the correlation detector output which also indicates coherent

AGC voltage. The output impedance i8"500 ohms.

2.1.22 Transponder Detector Output (PD para. 3.3.17)

An output is provided from the output of the transponder detector. This
output is used to drive command rircuits external to the transponder. Access
to this circuit is available at an external connector. The output impedance of
this circuit is 600 ohms or less. This circuit is capable of driving a load of
5,000 ohms or less shunted by 200 micro-micro farads capacitance at a level
of at least 0.5 volts RMS. Insertion or removal of a load as defined above does
not damage the transponder or degrade its performance as called out in para-
graph 3.4 under any worst combination of environment, primary voltage

variations and dynamic range.

The phase detector output is fed to a wideband video amplifier providing
a level of at least 1y PP of composite signals, including wideband noisc.
Individual signal amplitudes are a function of their modulation index. The

noise level is a function of the carrier signal level into the transponder.
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2.1.23 Command Frequency Outputs (PD para. 3.3.19)

Two output cireuits are provided within the transponder which are used
tor commiand signal outputs, ‘The circuits operate on subcarriers within the
range ol 400 - 60 K-z and utilize crvstal (ilters in the same manner as the
seleet call corcun. The output impedance of these circuits is 600 ohms or less
and capable of dreiving loads of 5000 ohms or less shunted by 150 micro-farads
at levels of at least 1,0 volts RMS.  Bandwidth of the filter circuits is 100 ¢ps,
They provide a 8 N improvement of 40 db or a total 8/N of at least 19 db with
input signad levels ot -115 dbm,

The command signal is not part of the loop. Detection bandwidth is the bana
width of the crystal filter. The modulation index for the command subcarrier is

0.5 radian.
The S, N is given by

SN -KT -115dbm -B -F - Qm

where
B 100 c¢ps 20db
Y 0.5 radians -6 db
m
Fo9db
S/N 174 -115-20-9 -6db - 24db
S/N  24db
Thus the 19 db is casily met. The crystal filters are multiple pole types
where the 3 db bandwidth is a good approximation to actual noise bandwidths,
The mod.index can be anywhere within 0,3 to 9.5 radians, Higher indexes can
be used if all other subcarriers are not on simultaneously. A buffer amplifier

provides a low impedance drive of 1J RMS at ~¥150 ohms to the telemetry.
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2.1,24 Limiting (PD para. 3.8.21)

Positive transistor limiting is included both in the receiver und trans-
mitter sections of the transponder. Transistor amplifiers whose characteristics
are such as to provide symmetric limiting(cutoff and saturation points) are used
in place of the more common diode limiters, These limiters are convenient and
provide equal charge and discharge paths for both positive and negative voltage

clipping,

2.2 Performance (PD para. 3.4)

The transponder performs in the manner called out below under the worst
combination of environment, primary input voltage variations, and dynamic

range,

2.2.1 Dynamic Range (PD para. 3.4.1)

The transponder performs and operates as per specification (Section V)
over input power ranges from =15 dbm to -115 dbm with any combination of

fixed frequency subcarriers defined in paragraph 3.1.1 of the purchase description.

As mentioned previously, both signal plus noise and signal AGC circuitry
are used to cover the complete dynamic range. The signal plus noise AGC is of
the reverse type in order to provide a large control range. Under usual circum-
stances, a design based upon reverse AGC would suffer from poor dynamic range
and large variations in transistor parameters, but since the IF strip uses inte-
grated circuits, where multiple active circuits are contained within each unit,
the old transistor ''cliches’ are not necessarily valid. For the circuits chosen,
reverse AGC doesn't adversely affect either the transistor operating points.
dynamic range, linearity or input-output impedance, but does provide a con-
stant signal output over wide variations in input level. The gain control per
stage is controlled from cutoff to maximum gain. The detection bandwidth is

2 MHz, thus providing AGC control from -45 dbm to -100 dbm.
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The coherent AGC (Signal type) is a forward type which utilizes a correla-
tion detector to detect the signal, followed by a dc amplifier, whose output is
proportional to the transponder carrier signal input, and a single transistor IF
amplifier as the controlled element. Since the bandwidth of the correlation
loop is approximately the same as the PLL, a S/N ratio of = +13 db for -115
dbm signal level is expected. The coherent AGC provides +15 db of control
after the transistor limiter circuit, but before the phase detector. Thus, the
carrier signal level into the PLL is held constant independent of the carrier signal

levels into the transponder, to below -115 dom.

2.2,2 Noise Figure (PD para. 3.4.2)
The noise figure of the transponder receiver is 6.7 db.

The noise figure of the receiver is given by the relationship:

F -1 -1 F -1 -1 F -1
S U ML S o S
r 0 1 G1 GIGZ G1G2G3 GleGsG4 (}1G2G3G4G5

where Fl and Gl are related to the losses in the preselector, F2,

03 are the noise ligures and gains of the RF stages, respectively. F4 is the

noise figure of the 2-pole filter, F5 is the mixer noise figure, F6 is the IF noise

is the antenna temperature and

F3 and G2’

figure, and G_ is the mixer insertion loss. TA
J

TO is 300° Kelvin, Figure 24 is a block diagram of the receiver front end.

The selectivity of the preselector is kept at the minimum level require '
to prevent desensitivation of the RF amplifier. This is done to reduce its inser-
tion loss. An eight-pole filter is used since a bandwidth of 18 MHz and an average
65 db rejection of the 449 MHz signals is required. A grounded base amplifier is
used as a first and second RF amplifier. Additional RF selectivity requirements
are placed in the collector of the RF amplifiers where its effect on noise figure

is minimal.
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Figure 24. Multi-Altitude Transponder Receiver RF Noise Figure Block Diagram
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The values of the parameters are:

T, = 300YK

I

gy ' O
l() 300°K

I 1.8 db = 1.56

1
Gl 0.64
(}2 S.0db 7.2
(13 8.0db 7.2
F'g 4,0dbh 2.5
I’ 3.5db - 2,2

G -1.0db - 0,82

[¥1]

G tdb .2

[ 3]

I 1.0db 1,

F. 7.0db 5
J
F, Gdb 3.2 l
. 300 2.2-1 2.5 -1 1.2 -1
Fo ==+ 1.56 -1+ + +
1 3 . . 2
300 0.64  (0.64) (7.2) (0. 64) (7.2)
. Sh= 1 N 3.2 -1 ?

(0. 64) (7. 2)° (0.82)  (0.64) (7.2)2 (0. 82) (0. 25)

F’I‘ 1.56 + 1.88 + 0,325 + 0. 0063 + 0,156 + 0.344 =4.27 or 6.3 db
Note that the primary contributions to the the overall noise figure are
preselector and the first RF stage. Note that the design of all circuits, as
far down as the IF strip, exhibit excellent noise performance denoting the
carc which was taken to provide the minimum noise figure consistent with

other specification requirements.,
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2.2.3  Phase Stability (PD para. 3.4.3)

The phase delay imparted to any ranging or timing subcarrier in the
presence of any combination of subcarriers as defined in paragraph 3.1.1 of
purchase description and at individual modulation index as defined in purchase
description 3. 3.12 does not change from the phase referenced at a -75 dbm
signal input to the transponder receiver, over the dynamic range of -45 dbm
to -115 dbm by more than that shown below. (NOTE: Also referenced to

room temperature.)

Temperature Range Phase Stability Over Dynamic Range

Minus 4°F to Plus 160°F 2.5 degrees maximum
Plus 23°F to Plus 113°F 0.75 degrees maximum
Plus 32°F to Plus 95°F 0.5 degrees maximum

Once set at -45 dbm and -115 dbm, the phase delay imparted to any
subcarrier, under the conditions as defined above, remains constant with

1.0 degree for periods up to 45 minutes. Hysteresis effects are constant to

within 0. 1 degree for both the conditions of start-up/shut-down and changes of

input signal over the dynamic range. The above holds true for incoming signals

having AM components up to 35 percent.

The phase stability systems analysis was thoroughly covered in paragraph 3.1.3
of this report. The basic circuit design technique is to develop a good open loop
transponder to ensure excellent closed loop stability. For all circuit designs,
consistent with other specifications, the phase delay stability is of primary
importance. Circuits are generally of broadband design to reduce their absolute
phase delay. The primary factor, that is the crystal filters, are, as mentioned
previously, carefully chosen. The ranging and timing crystal filter bandwidths are
kept at the widest bandwidth possible, to reduce their phase slope, consistent with

the S/N restrictions.
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Circuitry in the [cedback loop is minimized to a single 2-pole cavity filter

to reduce the etfects of feedback delay changes on output phase shift.

Circuitry outside the PFFB loop is kept as wide as possible, again to

reduce absolute delay times,

In general, for most of the circuit design, a large power mismatch was
purposely incorporated into the design to reduce the effects of active component
parameter shifts on the circuit transfer function. Thus, for example, the Q of
a tuned circuit was determined by a discrete loading resistor rather than the

input-output impedance of the associated active devices.

In referencing the original specifications of paragraph 3.4.3 in the purchase
description, it is interesting to point out th2:t as written, the only phase variations
of interest are those over dynamic range -45 to ~115 dbm, referenced to -75 dbm,
the temperature range specified. This, we are sure, is not the intent of the

customer and thus, it is suggested that a reference temperature be stated.
Example:

Original Specification — :3° Maximum for dynamic range -45 to -145 dbm
referenced to -75 dbm at any temperature -40F

to +160°F

Modified Specification — £+30 Maximum for dynamic range and temperature
specified referenced to -75 dbm at room

temperature

The phase stabilities originally specified can be changed to those indicated

above, namely

13° Maximum to 2.5° Total
+1,5° Maximum to 0. 75° Total

+1.0° Maximum to 0, 5° Total
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Hysteresis can be specified as 0.1°. The above changes are practical since

the design of the transponder is such as to allow strict control of the phase

stabilities with temperature and dynamic range beyond the original specifica-

tion limits of the purchase description.

are:

Some additional causes of phase delay variations not previously mentioned

Amplitude modulation in the transmitter output at the subcarrier
frequencies. This AM can be caused by the phase modulation proc-
ess and by PM-to-AM conversion in the transmitter amplifiers. The
amount of AM is reduced by using broadband transmitter amplifiers,
careful design of the phase modulator, and by limiting in the receiver

and in the transmitter chain.

The PFFB loop will not compensate for variations in time delay
brought about by the AM components fed back in the loop. Further,
the AM is magnified by the reduction of the PM as a result of the
feedback.

Spurious signals in the local oscillator path. Balanced mixing is
incorporated to reduce feedback of spurious signals at the receiver

frequencies from the LO path,

Leakage LO paths. The design of the diplexer and resultant RF
selectivity keep this leakage down to at least -30 db.
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2.2, ¢ Select Call Sensitivity (PD para. 3.4.4)

The "sclect call" circuit positively engages at levels of -115 dbm or less
at the selected frequency. '"Positively engage' is interpreted to mean continuous
operation without interruption. The above holds true for incoming signals having

AM components up to 35%.

The original specification modification was discussed in paragraph 2.1.14
of this report. Note that for the initial select call operation, only the "select
call" subcarrier, in combination with, say, a command subcarrier, should be
transmitted by the ground station. Once the initial select call operation is
accomplished, all combinations of composite input signals and modulation levels

can be used simultaneously to keep the transponder in the "transmit'" condition.

2.2.5 Transmitter Modulation (PD para. 3.4.5)

The transmitter employs phase modulation techniques. The modulation
index of each subcarrier re-transmitted at the 449,00 MHz carrier lies within
the range of 0.5 to 2.5 radians, and the re-transmitted modulation index for
each subcarrier is the same -3 to -23% as each incoming subcarrier signal
modulation index. The modulation index of each subcarrier re-transmitted at
the 224.500 MHz carrier lies within the range of 0.25 to 1,25 radians and the
re-transmitted modulation index for each subcarrier is one-half of that re-
transmitted at 449 MHz. This shall hold true for any combination of incoming
signals as defined in paragraph 3.1.1 of purchase description whose modulation
indexes for each subcarrier are within the limits of 0.5 to 2.5 radians. The

above shall hold true for incoming signals having AM components up to 35%.

Since the 224.5 MHz transmitted signal is derived from the same multiplier
chain as the 449 MHz transmitted signal, then the modulation index of each
transmitted subcarrier at 224, 5 equals one-half of that transmitted at 449 MHz.
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The original purchase description specification stated that the modulation
index at the transponder transmitter output has to be within £10% of that received.

What is the theoretical best that can be done using a PFFB type of transponder.

™
m =

o m1'1+K/,5

where

[}

m

S output index

input index

I

my

k /"p: system loop gain

for

1
m =m, (1-3)=m (.968)

therefore, the output modulation index is 96. 8% of the input modulation index,
at its theoretical best. Allowing the same variation of 20% as the original speci-

fication, we have

-3%

-23%
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2.2.6 Transmitter Output Spurious Suppression (PD para. 3.4.6)

The spurious emission at the transmitter is in accordance with paragraph

3.5.2 of MIL-I-11748B, as amended.

Transmitter spurious is reduced primarily by the post filter at the 224.5
and 449 MHz output, Since the transmitted carriers are derived from a funda-
mental 18.7 MHz oscillator, the multiplication up to the output frequencies is
obtained in small steps ruther than a single jump, This is done in order to filter
the fundamental to guarantee the output rejection specifications of 260 db for all
harmonically related spurious. 18.7 MHz is first multiplied by 4 to 75 MHz, A
four -pole filter at 75 MHz rejects 18,7 MHz by 50 db minimum. A times three
multiplier vields 224.5 MHz followed by a times 2 for the 449 MHz. Four poles
at 224, 5 reject the 75 MHz by > 70 db (two of these poles are the 224.5 MHz post
filter). Thus the 18,7 MHz suprious is rejected an additional 24 db above and
beyond the 50 db obtained by the 75 MHz filter,

The 8 pole 449 MHz post filter rejects 75 MHz > 100 db while the 18,7 MHz
spurious is rejected by > 50 db above and beyond that obtained by the filtering at
75 MHz,

2.2.7 Receiver Spurious Response (PD para. 3.4.7)

The response of the transponder receiver to spurious signals is down at
least 60 db. This includes response to image frequencies, intermediate fre~
quencies and unwanted signals generated within the receiver. The above holds

true for incoming signals having AM components up to 35%.

The image frequency is = 2 IF + RF = 2 (28 MHz) + 421 MHz = 477 MHz,
The 8 -pole preselector provides 100 db of image rejection without considering
the other poles provided by the preamplifier circuitry. Rejection of unwanted

signals received through the transponder antenna is excellent due to this8-pole
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preselector, the use of double conversion, and the use of sclective 1¥ amplificrs
rather than wideband RC or DC coupled amplifiers having good gain characteristics

at the IF frequency.

Frequencies generated within the trunsponder are confined by extensive
line filtering between modules, and individual circuits. In addition, all oscillators
within the transponder are RF shielded by enclosures and use shiclded coax cable to

deliver ‘heir outputs,

2,2,8 Amplitude Modulation Suppression (PD para. 3.4.8)

The transponder receiver provides sufficient limiting to suppress all AM
componeats on the receiver carrier to less than 5 percent as measured at the out-

put of the receiver detector with any combination of input signals as defined in

paragraph 3. 1. 1 of purchase description. The output of the transponder
transmitter has no AM components of more than 5%. The above holds true

with signals at the receiver input having AM components up to 35%.

Some of the most severe problems encountered in a phase-following system
are those resulting from the presence of amplitude modulation components on the
received signal, or the generation of such components internal to the transponder.
Since the phase detector is sensitive to amplitude variations, these amplitude
modulation signals are faithfully reproduced and transmitted to the frequency
modulator where they are introduced into the frequency following loop as FM
signals, The transponder now attempts to make a frequency modulation correc-
tion to an amplitude modulation signal, with the result that these undesired AM
effects create distortion and are re-transmitted to the ground station as a part

of the FM composite signal. Since these amplitude modulation products are nct

desired, the MATS transponder use three separate circuit fucctions to elimi-
nate them. The AM either transmitted or inherently generated is reduced by

(1) a limiter in the receiver, (2) a limiter in the transmitter and (3) the receiver
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AGC system. The receiver and transmitter limiters reduce the AM by suppres-
sion of ull composite signal amplitudes to a fixed value. Thus, the output
amplitude is relatively independent of the input amplitude variations and rep-

resents a constuant output power level.

The receiver non-coherent AGC can follow AM signals whose frequency
response is (10 KHz, Since the AM transmitted by the ground station occurs
primarily at 2s6 1z then the non-coherent AGC reduces this AM commensurate

with its leedback gain, Refer to Figure 25 for non-coherent AGC time response,

The coherent AGC will also react, in a similar manner, to the low fre-
queney AM resulting from the residual AM fed to the receiver correlation

detector. Refer to Figure 26 for coherent AGC time response.

Note that when the ground transmitter has AM on its carrier, the effective
carrier power is reduced when compared to the same signal level without AM,
For 35 sine wave AM the average carrier power reduction is approximately
2 db, This should be considered as an additional factor when calculating the
MATS transponder receiver sensitivities since they are measured with 35% AM

at the receiver input.
22+ 9 Data Transit (PD para. 3.4.9)

The rise time of any combination of composite data signal, as defined in
paragraph 3. 1.1 of purchase description when pulsed on and off at an 80 PPS or
less rate with a 10 plus 1 minus zero millisecond ''carrier on'" duty cycle at the
transponder receiver input, does not exceed 1 millisecond or have an overshoot
of more than 5% as measured at the output of the receiver detector (filtered
output). The fall time of the composite data, under the same conditions, does
not overlap any succeeding pulse by more than one millisecond. Undershoot

does not exceed 5%.

The data transit time is controlled primarily by the 3 db bandwidth of the

PI'FB loop. The bandwidth is:
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NOT REPRODUCIBLE

HP211A HP&OE

SQUARE WAVE s MOD Modutated - 11,225 Mc
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GENERATOR INPUT 28 Mc BOARD W

Figure 25. AGC Time Response (Noncoherent Loop)
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Figure 26. Coherent AGC, Dynamics
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Bw = (3 db crystal filter bandwidth) x PI'FB ratio

3db
=100 cps x 30=3 KHz
0.35 o - ,
trl= Bw - risc time (10 - 90%) for a step input
3db/2
.39
tr 1.5 KHz addt M3

Refer to Figure 27 for actual measured times. Note that the noise output, with-
out a subcarrier, was measured since the dynamics required of a subcarrier for

the above test is not conveniently obtained.

Since the loop is, if anything, overdamped, overshoot problems are
minimized.
2.2.10 Frequency (PD para. 3.4.10)

The output frequency of the transponder transmitter is 224,500 MHz and
449,000 MHz. The accuracies and stabilities of the 449 and 224.5 MHz output
are 0, 001% or better over the worst environmental conditions defined in this

purchase description.

The frequency accuracy and stabilities of the transponder transmitter
frequencies are determined by the 18.7 MHz oscillator from which the output
frequencies are derived. The oscillator is preset by a trimmer capacitor to
within £1 Hz of the desired output frequencies 224, 500 MHz and 449, 000 MHz
(when multiblied by 12 to 224.5 and by 24 to 449 MHz). The stability of the
oscillator is specified to better than *, 001% over the worst environmental con-

ditions as specified in the purchase description.
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2.2.11 Ranging Sensitivity (PD para. 3.4.11)

The ranging sensitivity of the transponder is at least -115 dbm. Ranging
sensitivity is defined as that signal level at the receiver input, with any combi-
nation of the modulation subcarriers defined in paragraph 3.1.1 of purchase
description at which each of the ranging or timing subcarriers, as defined in
purchase description subparagraphs a, b, ¢, d, e or f has a signal-to-noiseratio

of at least 6 db at the input to the transmitter modulator.

Much has alrcady been said relative to the above in purchase description
paragraph 3.3.12. The main point that should be made here is that the value of
signal-to-noiseratio which can be easily measured must be manipulated to approach
the above 6 db figure. Therefore, it is recommended that the above specification

be rewritten to encompass the result of the actual measured value.

Re-write to: "Ranging sensitivity is defined as that signal level at the
receiver input, with one ranging or timing subcarrier at a modulated index of
2.4 radians which produces a signal-to-noise ratioof at least 12 db at the input to

the transmitter modulator."

2.2,12 Transmitter Carrier Signal-to-Noise Ratio (PD para. 3.4.12)

The transponder transmitter carriers (449. 000 MHz and 224,500 MHz) in
the 1.5, 3.5 and 4. 5 watt configuration, have a signal-to-noise ratio of at least
40 db. The above holds true when the transmitter output has been modulated by
each of the subcarriers defined in subparagraphs a, b, ¢, d and e of paragraph 3.1.1

in the purchase description at the level defined in paragraph 3.4.5.

There has been a long misunderstood specification, the objective of which is
to guarantee that the transmitted output of the transponder does not degrade that S/N
ratio presented by the receiver to the modulator. This is easily guaranteed by

providing a carrier to noise ratio of at least 40 db at the output.
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Figure 27. PFFB Loop Dynamics
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Another test would he to compare the §/N output of the transmitter with that

presented to the modulator input,

The S/N ratio of the transmitter alone is calculated in Appendix B and

results in a minimum S/N of 60 db.
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SECTION 11

COMPONENT SELECTION CRITERIA

2.0 CONSIDERATIONS FOR COMPONENT SELECTION

2.1 Selection of components was made after a careful review of design
requirements for the part, and wherever possible, its predicted reliability.
Table V lists the component parts of the transponder . their description, and

the reasons for selection.

TABLE V

List of Component Parts

Part No. &
Description Criteria of Selection
MC-1110 (Motorola) Emitter-coupled, integrated circuit linear
Linear Integrated Circuit amplifier for IF and RF amplications,
Frequency range is DC to 300 MHZ. This
amplifier is used primarily in the trans-
ponder IF circuitry since it exhibits excel-
lent AGC characteristics, high port
impedances, and symmetrical limiting.
CK Type A ceramic capacitor conforming to MIL-C-
Ceramic Capacitor 11015C/18 and /19. A highly reliable com-

ponent exhibiting good performance as a
bypass and coupling capacitor thru the VHF
frequency band.
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Part No. &
Description

CM Type (Arco)
Mica Capacitor

CS Type (Arco)
Tantalum Capacitor

JMC 2951 (Johanson)
Variable Capacitor, Air

SS5A (Allan Bradley)
Bypass Capacitor, High
Frequency

2E1000RK (Mucon)
Coupling Capacitor,
High Frequency

Criteria of Selection

A dipped mica capacitor conforming to
MIL-C-5/18. These capacitors are used
primarily as tuned elements in filter cir-
cuits associated with both passive and

active networks, They are chosen primarily

for their high Q performance up through UHF.

Other important features are stable elec-
trical characteristics, especially with
temperature, large value selection, small
size and excellent reliability.

A solid electrolyte tantalum capacitor con-
forming to MIL-C-26655A. This capacitor
is used primarily as a low frequency-to-MF
bypass. Its use is desirable due to its large
capacity-to-volume ratio.

A subminiature variable air capacitor used
in all tuned filters in the VHF range. This
capacitor is chosen primarily for its
exceptional high Q (>1000) over a large
(10:1) capacitance tuning and frequency
range. Other important features are stable
electrical characteristics, high breakdown
voltage, and small size. Some installation
problems have been encountered since the
capacitor top is fastened with a solder
connection. All capacitors are ordered
with high temperature solder and installed
with extreme care.

A ceramic button capacitor for VHF-UHF
applications. Used primarily as an RF
bypass capacitor because of its low induc-
tance, high capacitance, and small size.

A ribbon lead capacitor used, and specially

designed for, UHF applications as a coupling
and RF bypass capacitor.
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Part No. &
Description

2934-000 (Erie)
Standoff Capacitor

301-000 Type (Erie)
Ceramic Capacitor

TRW V900EA
Varicap, Variable
Capacitor

HPA 0182/3
Step Recovery Diode

1025/2500 (Delevan)
Inductor

2N3287
Transistor

2N3137
Transistor

Criteria of Selection

A button mica standoff capacitor conforming
to MIL-C-10950. This capacitor is used as
a UHF bypass and coupling in the transponder
transmitter. Their high Q and low induc-
tance make them ideal for this application.

A tubular ceramic capacitor chosen primarily
for its temperature compensating ability,
stability, high Q, close tolerance and value
selection,

This varicap is a silicon alloy P-N junction
device designed for use as a voltage

variable capacitor. The transponder
modulator uses this particular type due to

its high value (100 pf) of nominal capacitance,
excellent tracking performance, low leakage
and high Q.

This diode is used for high order, single
stage, harmonic generation. It conforms

to MIL-S-19500 requirements for application
in military equipment.

This RF coil is used as a tuned element in
various filter circuits due to its small size,
large value selection, high resonant fre-
quency, high Q and low DC resistance. It

is also used as a line filter element for all
individual circuits in the transponder. Some
reliability problems have been encountered
with this component. An extensive investi-
gation is presently taking place,

A high frequency transistor chosen primarily
for its excellent forward AGC characteristics.

A high frequency transistor chosen primarily

for its large signal capability in the VHF-
UHF region.

2-3




Part No. &
Description

2N918
Transistor

RC Type
Fixed Composition Resistor

TM 1/4 (Texas Instruments)
Sensistor

2N3880
Transistor

1N831
Diode, RF

2N4040
Power Transistor, RF

3TE440
Power Transistor, RF

Criteria of Selection

A high frequency transistor for use as a
general purpose amplifier from DC to UHF
due to its excellent gain bandwidth product,
low noise figure, and complete manufacturers
documentation of performance and reliability.

Fixed composition resistors are used
throughout the transponder due to their
small size and high reliability. Values
above 4.7 meg are not used due primarily
to possible serious radiation effects.

A positive temperature coefficient transistor
for use as a resistive temperature compen-
sating element. This component exhibits a
large positive coefficient making it an easily
adaptable general purpose compensating
element when combined with fixed resistance
values. This component is designed to pass
military test conditions as per MIL-S-202.

A UHF silicon transistor chosen for its
exceptionally low noise figure at the trans-
ponder received frequency.

An RF diode used as an RF-AM detector.
Chosen primarily for its RF detection
efficiency.

A high power VHF transistor used as a final
RF power output stage (224.5 MHZ) in the
transponder transmitter. Chosen for its
"State of the Art" efficiency.

A high power UHF transistor used as a final
RF power output stage (449 MHZ) in the
transponder transmitter. Chosen for its
"State of the Art" efficiency.
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Part No. &
Description

KATO02A
Integrated Circuit, Linear

IN702A
Zener Diode

1N914
Diode

JFD LCS
LC Tuner

05395 (N Seves Kemet)
Tantalum Capacitor

SC1651G
Diode Quad.

3TE450
Power Transistor, RF

Criteria of Selection

The pAT702A is a high gain, wideband DC
amplifier with differential inputs providing
useful feedback gain from DC to 30 MHZ,
The choice of the pA702A was based pri-
marily on its differential operational per-
formance at very low primary input power
levels. Since primary input power require-
ments are critical in the transponder design,
this amplifier is used extensively in all
baseband and telemetry buffer circuits.

A silicon zener diode used primarily in
series voltage drop applications. Chosen
primarily for its low zener voltage and close
tolerance at small operating currents.

A high speed general purpose silicon diode
for use in assorted transponder circuits.
Chosen primarily for its high back resistance,
high forward conductance and speed.

An LC tuner conforming to MIL-C-14409B,
A compact component combining a fixed
ribbon inductor and a variable air capacitor.
This component is chosen primarily for its
high Q, stable characteristics, and small
size.

A non-polar solid tantalum capacitor chosen
primarily for its small size.

A special diode arrangement for use in the
phase detector circuits of the transponder
receiver, Chosen for its closely matched
diode characteristics.

A medium power UHF transistor used as a
driver stage in the transponder transmitter.
Chosen for its "State of the Axt'" efficiency.




Part No. &
Description

3TX132
Power Transistor, RF

2N2222
Silicon Transistor

2N3250
Silicon Transistor

2N3853

Silicon Transistor

1N4572
Zener Diode

Criteria of Selection

A low-to-medium power VHF transistor
used as a driver in the transponder trans-
mitter. Chosen for its '"State of the Art"
efficiency.

A high frequency silicon transistor for use
in the transponder power supply. Chosen
primarily for its high DC beta.

A high frequency silicon transistor used as

a high speed switch in the transponder power
supply. Chosen primarily for its high speed,
low stage, low offsets and complete
published parameters.

A silicon power transistor used in the power
supply. Chosen primarily for its high speed
on power switching capability and low offsets.

A low-level temperature compensated zener

reference diode. Chosen primarily for its
reliable operation at low current levels,
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THE POST FILTER PROBLEM




’ APPENDIX A

THE POST FILTER PROBLEM

At first, it became obvious that the choice of a post filter should be made
on rejection of spurious (spec's MIL-11746) and minimum of poles to do this, so that
outout (post) filter would present a minimum loss to the 449 mc spectrum.

It then became obvious, from diplexing tests, that some of the 449 mc
modulation spectrum was entering the receiver bandpass spectrum about 421 mc.
Thus, the choice of the post filter should not be made on a spurious criteria, but
on the amount of noise being generated by the transmitter, in the receiver

acceptance band,
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Case 1: Assume ideal noiseless transmitter (i.e., NF = 0 dh).

o watts

P = Power gain of transmitter = T millivatt - 5000 or 37 db
g Transmitter w

KT = =174 dbm/H;

F = 0db

B = 20mc (i.e., determined primarily by the post and prefilters)

B = 73db.

*
Amount of noise from transmitter generated by noise, KT only, at preselector
output (20 mc BW), assumine nn post filter. (Assume no significant insertion loss

in preselector for 421 mc + 10 mc band)

Amount >f noise from -KT B F Pg -
transmitter at preselector = =174 +73+0 +37 = -64 dbm
output

Amount of noise at preselector KT B F

output due to receiver without = -174 +73+6 = -95dbm,

Diplexing transmitte

minimum post filter attenuation required of transmitter output at 421 mc

= 95-64 = 31db.

This is, of course, for our case of an ideal transmitter noise figure of 0 db.
For a bandpass post filter whose bandwidth = 20 mc and a 6 db/oct/pole

slope, we have:

449 A
AT 4 Pole

= okn - | 3 db at 439
ol . 27 db down at 429
51 db down at 404 mc

[
| f
| |

* Assuming Gaussian type noise is a fair approximation, even though class C

stages are used.
** Assuming that all multipliers and amplifiers of transmitter are wideband (i.e.,
generate noise over BW, say > +10 mc output BW related to 449 mc and

—— constant amplitude). This is, of course, our case.
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From the above, we would need a minimum 4 pole post filter to reject the

transmitter noise, in the receiver band, to a level equal to that attributed to

the receiver alone.

Case 2. Same as Case 1, except NF of transmitter = 10 db.
The result would be the same as in Case 1, except we would require a 41 db
rejection at 421 me.,

4 pole filter would be a bare minimum

Case 3. Same as 2, except that we must realize that the transmitter noise
has to be << that generated by the receiver front end alone, to ensure no appreciable
receiver sensitivity degradation.

For a 10 percent degradation, this would mean that the noise from the
transmitter should be 10 db down from that generated by the receiver (assuming
uncorrelated noise sources).

The result is a minimum post filter attenuation of 51 db at 421 mc.

5 Pole

3 db down - 439 mc
33 db down - 429 mc
63 db down - 409 mc.

Minimum 5 pole filter.

Case 5. Actual measured case using 3 pole post filter of 20 mc bandwidth.

Receiver sensitivity hurt by - 20 db when Diplexing.

Amount of noise power at receiver input due to receiver = -95 dbm

Amount of noise power at receiver input due to receiver
and transmitter = =95+ 20
-75 dbm

"

30 db calculated
26 db measured.

Amount of effective filtering by post filter at 421 mc

Amount of transmitter noise in 20 mc bw before post filter = -75 dbm+26 = -49 dbm.




What transmitter NF does this represent:

N FTransmit‘ter, calculated - 174+ 73 -374 NF = 49 dbm

from measurements

= =4
NFTransmitt.er Ls db

Case 5. How many poles are required in the post filter to not degrade the

NF of the receiver by more than 10 percent when the transmitter NF = 15 dh?

Amount of rejection required
of post filter at 421 mc

-174+ 73 +15+ 10+ 37+ 95

= 56 db.
6 Pole Minimum (Need 7)
3db -439
39 db - 429
73 db - 409

Case 6. Same as Case 5, except instead of 10 percent, we take 1 percent '
of total receiver noise.

Amount of post filter
rejection at 421 mc = 66db

7 Pole Minimum (Need 8)

3 db - 43y
45 db - 429
87 db - 409

Case 7. What is the NF of the last transmitter stage alone ?

13 db loss in receiver sensitivity using only last stage as only wideband noise gen-
eration source (Sierra 420A is =1 mc BW and used as driver to last stage).

Amount of noise at preselector
output due to receiver alone = -95dbm

Amount of noise at preselector
out put due to transmitter last
stage = =95+13 = -82dbm.




Last transmitter stage, noise
related to it (other side of A3~

pole post filter) = -82dbm + 26 dm = -56 dbm
Last transmitter stage
power gain = 5db
Last stage transmitter noise
referred to input -56 -5 = -614db
KTB noise at last stage transmitter inj ' = -174+ 7 = 101 dbm
last stage NF = 101 - 61 = 20

Conclusions

1. Require minimum of 7 poles to satisfy filtering requirements of post filter.

2. NF of transmitter of 15 db is reasonable.

3. NF of last stage of 40 db is also reasonable.
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APPENDIX B

SYSTEM BANDWIDTH REQUIREMENTS

The spectral distribution of a signal, which has been frequency modulated
by multiplier tones, has been treated by L. J. Gracoletts, in the Proceedings
of the IRE, July 1947. Basically, the sideband distribution consists of all the
possible combinations of the sum and differences of the Bessel functions of the
individual modulating tones taken six (6) at a time. The equation of the
distribution is:

A=A T [g J'm-(za)]z[ﬂw(,(wcuwi‘”‘x“*}

A M, = =n0

ed
re g ]

A

where Z is the mod index of signal i. The product of the summation will create

all possible combinations of sums and differences of the various Bessel functions.
The spectrum is derived for six (6) tones, each with a mod index of 2.4. 2.4 was
chosen in order to reduce the number of terms, i.e., Jo(2.4) = 0. The actual

signal format in MAT is six (6) tones, each with a mod index of 2.5.
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Y To simplify, the problem was broken into blocks of combinations. Ior

example, there are sixty-four (64) combinations created by fl' f2. 1'3, { 4 1'5 and

f6 by the first order Bessel function product of each of the signal Jls. The number
of combinations thus derived was 124,588. Following is a list of thes¢ combinations,
their individual amplitudes, power in each sideband, the number of spectral lines

of particular combinations and the total power contained in these combinations.

(m )2 No.zof
Bessel ™ 2 Spectral Total

Frequency Product Functions Amplitude (Amplitude) Lines Power

YO 7° 01982 00039828 64 025140
20ty 1T, T 324, .0164211 0002696 384 103500
26,2008, 0 J14,J2 . 013605 0001851 960 177700
20,20, 201,11, ‘113,‘123 .01127245  .000127068 1280  .162600
2 ,20,,20,,20, 1,1 J12, .124 .0093384  .0000872057 960  .083717
2, 20,30, 91,201 3,3, 007735 00005983 384 022970
20,20 A2 1,08, 2 5,° 006409 00004421 64 002829
B30, fy Lo L Lot >, 007544 00005691 384 021850
30,020, £,0, 1T a*, 3,0, 006251 00003907 1920  .075010
36,20, 20,, 0,11, J13,J22,J3 ,005179 000026822 3840 102996
3,26, 21,,20, £ 1 J12,J23,J3 .004289518 . 00001840 3840 070660
36,20, 20,20, 2, 1, Jl,J24,J3 . 003554 00001263 1920 .024250
3, 26,26, 21, , 26, 20 3,03, 002944 000008667 384  .003328
30,38y, 00,8, 1 J14,J32 001826 000003334 960 003201
31,,38,, 200,11, £ 3,%3,0.% 002379 000005660 3810 021730
3f) 136y, 265,21, £, £6 3,%,0,8,3.% ootem 000003885 5760 . 022380
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!
2 No. of
Bessel m (") 2 Spectral Total
I'requency Product Function Amplitude (Amplitude) Lines Power
3 2
Jll,3t0,2f3,214,2t t JI’J2 ,J3 . 001633 . 000002667 3840 . 010240
31'1,31'2,2f3 21 21 J24,J32 . 001353 . 000001831 960 .001758
31'1,31 313 t4 e l' J13,J33 . 001093 . 000001195 1280 . 001529
2 3 ,
t1,31 , 3t ,-14,15,16 J1 ,J2,J3 . 000905 . 000000819 3840 . 003145
2 _3 - .
Jtl ; 31.) 5 31‘3 214, 16 Jl . J2 ; J3 . 000750 . 0000006006 3840 . 002306
3
e oe  ofl B L8l i
Jtl, 312,813. -14,215,.16 J2 ,J3 . 0006214 . 0000003867 1280 . 000495
- . 5 -
411,12,13,14,15,10 J4,J1 . 002450 . 000006003 384 . 002305
Lo 4
411,-1 13 14’15’16 J4,J2,J1 . 001987 . 000003948 1920 . 007580
. 3 2
11,...1 21‘3 14,1_,16 JL’J2 ,J1 . 001182 . 000002820 3840 . 010800
. 3 2
of 2f of .f .t 5
lll’"tz'"t:}’"f-l’ts’t(i J4,J2 'Jl . 001393 . 000001940 3840 . 007450
. 4 1
- . =
411,-12,-13,2f4,215,f6 J4,J2 ’Jl . 001154 . 000001331 1920 . 002556
=4
O 0f  of )
411.-12,-13,2f4,-f5,216 J4,J2 . 00095614 . 0000009142 384 . 00351
. = om - 1 .4
411,312,13,14,15,16 J4,J3 ,J1 . 000932 . 0000008686 1200 . 001040
S R
4(1,312,-13,14,15,1 G J4 J3 J2 J . 0007726 . 0000005969 7680 . 004584 i
2
. g ‘) d ‘) u u u 3 1
411,Jt2,..13,..14,l5,16 J4,J3,J2 ,J1 . 0006400 . 0000004096 23040. . 009440 1
987093 i
t 31 2f_, ...14, f. t J4, J3,J23, J1 . 0005301 . 0000002810 7680 . 002158 {
. 4
4[1,31'2 13,...1 2f_, 2f6 J4,J3,J2 . 00043936 . 00000019304 1920 . 000371
3 en oo e 2 3 -
411,312,313,t4,15,f6 J4,J32,J1 ) . 000355 . 000000126 3840 . 000484
. SL
411,3f2,313,-14,[5,f6 J4,J3 ,J2,J1 . 0002940 . 000000086436 11520 . 000996
411, 3f9 3 3f f4, 2f_ 1 J4,J 2, 22,J1 , 000243568 . 000000059325 11520 . 000683
3f.,3f ,3f ,3f ,2f_,2f J 4,J ,J . 000344605 . 000000118753 1920. . 000228
1 2 34 56 3 21 994360

The distribution of the different sums and differences were then derived and the

power content in each megacycle at bandwidth was determined.




The spectral distribution is almost continuous and can only be graphically
represented by its peak values and power density. Figure 1 is a graph showing
the peak value of the spectral lines versus BW. The abscissa is in voltage
compared to the unmodulated carrier value. It can be noted that 1 percent of
maximum occurs at approximately 8.0 mcs on a two-sided bandwidth of 16.0 mcs.
It should be remembered that the curve is a peak envelope, and the number of
spectral lines would make the spectral distribution appear almost continuous.

A more meaningful curve may be the power density distribution. Figure 2

shows the power distribution in density or power contained in each megacycle of
two side bandwidth. We can note that the power density has dropped o 40 db
below the total signal content at approximately 16.0 mcs. Figure 3A is a curve
of the integrated power content as a function of bandwidth. As noted, 99 percent
of the power is contained in 12 MHz of bandwidth.

Figure 3A represents the amount of total power contained within a
frequency band (double sided), about center frequency, for six tones of mod index
2.4 each. This curve was derived without taking into consideration a filter
amplitude response or assumed one in which the band of interest was flat and the skirts
infinitely steep (i,e., a square response). This should not imply that since
99 percent of the power is contained in 12 MHz of bandwidth, then a filter 3 db
bandwidth of 12 MHz can be used.

It can be seen from Figure 3B that this is far from true for practical

filter responses, and especially those obtained in the MATS transponder.

Case 1. Filter response between 3 db points in Figure . A, BW3 ab - 12 mec.

Diplexer Multipole Simulation
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H Case 2. Single pole response due to transmitter output into post filter
(assuming diplexer filter ideal square response), see Figure B and Figure 3,
curve B, for 12 MHz bandwidth,

Thus, the bandwidth of the transmitter final amp and diplexer should be

wider than 12 MHz in order to pass near 99 percent of the transmitter power.

ma




APPENDIX C

NOISE BANDWIDTH CORRECTION FACTOR




APPENDIX C

NOISE BANDWIDTH CORRECTION FACTOR

Since it is well known that single pole filters have 3 db bandwidths that are
narrower tan their actual noise bandwidths, then, when calculating S/N ratios
for a receiver in which this type of filter is used a common correction factor is
used.

Noise Bandwidth = #/2 x (3 db Bandwidth)

This factor is almost, but not quite, correct for the crystal filters used in the
MATS transponder. The above w/2 factor is related to a single pole filter with
a 6 db/oct skirt selectivity.

Since the MATS crystal filters are used in a PFFB loop, the slope is
< 6 db/oct. In addition, the common gpurious crystal modes add to the over-all
noise bandwidths.

Figure 1 is a closed loop voltage plot of a typical crystal. The 3 db
bandwidth measured is 4.1 KHz, Figures 2 and 3 are plots of (voltage)2 versus
frequency for the same filter. Calculating the noise power bandwidth graphically,

we have

Noise power bandwidth = 9 KHz.

_ Noise power bandwidth = _9kec ‘
2R 3 db bandwidth " 4.1k - . ord.ddb
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